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1-1 Research background 
Biological phenomena depend on the synthesis of RNA and proteins according to 
genomic information. RNA and proteins are generally synthesized according to the 
central dogma, in which DNA is transcribed into RNA, and proteins are translated 
according to the genetic information contained within the RNA. That is, genomic DNA 
contains information for all functional biomolecules, and RNA contains information for 
proteins. However, transcribed RNA undergo various post-transcriptional modifications, 
including an RNA-editing mechanism that converts genetic information at the RNA level. 
Many questions such as why RNA molecules that are different from the genetic 
information contained in genomic DNA are synthesized and what is caused by RNA 
editing remain to be addressed. Deciphering the genetic information contained within 
RNA requires bidirectional research to understand RNA editing occurring within cells 
and artificially inducing RNA editing and analyzing its effect. Therefore, a strategy to 
artificially induce intracellular RNA editing needs to be developed. This strategy can also 
be applied to genetic modification technology. In this study, we focused on A-to-I RNA 
editing and developed site-directed RNA editing technology by using intracellular RNA 
editing. 
 
1-1-1. A-to-I RNA editing 
mRNA transcribed from DNA are spliced and then subjected to various RNA 
modifications to assign their respective functions. During RNA modification, the 
nucleotide sequence is rewritten by substitution, insertion, or deletion of nucleotides, and 
this is called RNA editing. Inosine is a non-canonical nucleoside produced by RNA 
editing. Chemically, it is a guanosine analogue and it only differs from the latter by the 
lack of the N2 amino group. Inosine is rarely present in DNA but is often observed in 
different types of RNAs including double-stranded RNAs, tRNAs and viral RNAs1. In 
RNA, inosine is produced by the deamination of adenosine2. Generally, RNA adenosine 
deaminase has two groups: adenosine deaminases acting on RNAs (ADARs), which acts 
on mRNA3, and adenosine deaminase acting on transfer RNAs (ADATs), which acts on 
tRNA4. 
Inosine generated on tRNA is mainly present in three positions: position 34, which is 
the first nucleotide of the anticodon (wobble-position), position 37 (following the 
anticodon), and position 57 (at the TWC-loop)5. Inosine at the wobble position has an 
obvious implication on anticodon: codon recognition because A34 can pair with U while 
I34 is capable of pairing with A, U and C6. The fact that inosine can pair with more 
nucleosides than adenosine would suggest that I34 expands the number of codons a tRNA 
can recognize.
In humans, A-to-I RNA editing, in which adenosine (A) is converted to inosine (I) by a 
deamination reaction, is the most frequent in mRNA (Fig. 1-1)7-9. To date, approximately 
3 million A-to-I RNA editing sites have been identified in humans by large-scale editome 
analysis that combines genome and transcriptome analyses10, 11. Since inosine is read as 
guanosine (G) by the translation machinery, proteins composed of amino acid codons 
different from the genomic information are expressed.  
 
Fig. 1-1 A-to-I RNA editing. 
Specific adenosine (A) in double-stranded RNA (dsRNA) is converted to inosine (I) by adenosine 




























For example, the serotonin 2C receptor (HTR2C) pre-mRNA has five editing sites (A–
E sites), and amino acid codons are converted at each site by RNA editing (Fig. 1-2)12. 
Several studies have shown that abnormal editing efficiencies at five editing site are 
involved in a variety of mental disorders13, 14. Therefore, A-to-I RNA editing has been 
suggested to produce various isoforms and is involved in the regulation of serotonin 
signaling. Furthermore, it is involved in not only the regulation of protein function and 
expression by codon conversion, but also the regulation of numerous intracellular 
processes such as splicing and miRNA maturation15, 16. 
Fig. 1-2 Amino acid codon conversion of serotonin 2C receptor (HTR2C) pre-mRNA 
by A-to-I RNA editing. 
HTR2C pre-mRNA has five editing sites: A–E. RNA editing at these sites synthesizes various 



















A-to-I RNA editing in mRNA is catalyzed by adenosine deaminase acting on RNA 
(ADAR). To date, three types of ADAR genes have been identified in humans17. Of these, 
two isoforms, ADAR13 and ADAR218, have been shown to have A-to-I RNA editing 
activity. In addition, two types of proteins—interferon-induced ADAR1p150 and 
constitutively expressed ADAR1p110—are encoded by the ADAR1 gene (Fig. 1-3)19. 
ADAR1p110 and ADAR2 are localized in the nucleoplasm and nucleolus, respectively; 
hence, the nucleus is considered to be the main reaction field for A-to-I RNA editing  . 
 
 
Fig. 1-3 Domain structure of hADARs. 
Three active ADAR isoforms have been identified in humans. ADAR isoforms have common 
structures of multiple double-stranded RNA-binding domains (dsRBDs) and a deaminase domain 
(DD). 
 
ADAR proteins have modular structures with multiple double-stranded RNA-binding 
domains (dsRBDs) and a catalytically active deaminase domain (DD); therefore, ADAR 
primarily edits adenosine (A) in long double-stranded RNA structures22, 23. Furthermore, 
dsRBDZ DNA binding
ADAR1 p150 (1226 aa)
ADAR1 p110 (932 aa)
ADAR2 (701 aa)
deaminase
ADAR has preferences for certain neighboring nucleotides, and the presence of 
guanosine on the 5¢-side of the editing site decreases its editing efficiency24. Hence, 
although A-to-I RNA editing by ADAR is known to control various biological processes, 
why the intracellular mechanism for modifying the genetic information of RNA is 
essential is not yet known.  
 
1-1-2. Genetic modification technology 
All biological phenomena are caused by the regulation of gene expression. Rewriting or 
modifying of genetic information allows the artificial regulation of biological phenomena. 
In recent years, with the development of genome editing technology, researchers from 
various fields have been focusing on developing methodologies for designing proteins 
with different functions from native DNA sequences and controlling biological processes. 
Genome editing allows the induction of a DNA double-strand break at specific sites on a 
chromosome. DNA double-strand breaks are repaired by two intracellular mechanisms: 
non-homologous end joining and homologous recombination. During repair, knock-in or 
knock-out occurs, allowing the replacement of an amino acid residue of the target protein 
or insertion of an exogenous gene.  
 
Fig. 1-4 Genome editing technology. 
(A) Zinc finger nuclease (ZFN). A methodology involving the use of a chimeric protein composed 
of a domain that recognizes and binds DNA (zinc finger domain) and a domain that cleaves DNA 
(sequence-independent nuclease domain of FokI). 
(B) Transcription activator-like effector nuclease (TALEN). A methodology in which the DNA-
binding domain of a transcription activator-like effector (TALE) protein is used instead of the 
zinc finger domain. 
(C) Clustered regularly interspaced short palindromic repeats/CRISPR-associated protein 9 
(CRISPR/Cas 9). A method that applies CRISPR, which is an acquisition defense mechanism 
against phages and foreign plasmids. Introduction of a single-guide RNA (gRNA) and the 
nucleolytic enzyme Cas9 into cells causes double-strand breaks in a specific DNA strand having 





   In 1996, Kim and coworkers developed the first-generation genome editing tool, zinc 
finger nuclease (ZFN; Fig. 1-4)25. Subsequently, Zhang et al. developed the second-
generation genome editing tool, transcription activator-like effector nuclease (TALEN)26. 
In addition, Doudna and Charpentier, who won the Nobel Prize in Chemistry in 2020, 
developed the generation of the third-generation genome editing tool, clustered regularly 
interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 
(CRISPR/Cas9) system27.  
Genome editing technology has rapidly become widely applicable, with the 
development of the CRISPR/Cas9 system. The mechanism of recognizing target DNA by 
the CRISPR/Cas9 system differs vastly from that of the other two technologies. ZFN and 
TALEN can recognize specific DNA sequences by using artificial proteins; the target 
DNA interacts with the proteins. In contrast, the CRISPR/Cas9 system recognizes a 
specific DNA sequence via a single-guide RNA (sgRNA), leading to complementary 
binding of RNA and DNA. Therefore, the CRISPR/Cas9 system can be efficiently used 
for various target genes because it involves designing of a sgRNA with a sequence 
complementary to the target DNA. However, unlike ZFN and TALEN, the CRISPR/Cas9 
system is associated with off-target editing, since gRNAs allow mismatches and also bind 
to non-target DNA sequences28. Previous studies attempted to reduce the off-target 
editing activity of the CRISPR/Cas9 system by constructing mutated nickase Cas9 
protein29 and developing gRNAs that recognize both DNA strands near the target site30. 
However, completely precluding the off-target effect is difficult. Since the effect of 
genome editing is permanent, off-target editing also remains permanently. Therefore, 
although genome editing technology is useful for basic research and agricultural 
applications, it should be used for gene therapy with caution owing to the risk of off-
target editing. In addition, genome editing on germ cells causes the effect to be inherited 
to the next generation, raising ethical issues.  
According to the central dogma of molecular biology, information on RNA transcribed 
from genomic DNA is used for generating proteins that are responsible for biological 
phenomena. That is, RNA also carry genetic information. RNA interference (RNAi) 
performed using single interfering RNA (siRNA) is generally used for gene expression 
regulation by targeting RNA (Fig. 1-5). RNAi was first discovered in Caenorhabditis 
elegans by Fire et al.31; it causes the inhibition of translation from target mRNA by siRNA 
with complementary sequences. A similar mechanism was found to exist in mammalian 
cells in 200132. In humans, RNAi involves the degradation of double-stranded RNA 
(dsRNA) by Dicer, a family of RNase III, into 21–23 nt RNA called siRNA33. After 
dsRNAs are degraded by Dicer, siRNAs are incorporated into a protein complex called 
 
RNA-induced silencing complex, which cleaves the target RNA34. Therefore, the 
artificially siRNAs designed according to the target RNA can be used for knock-down of 
the target gene. That is, efficient target RNA degradation is possible by simply 
introducing or expressing siRNA without expression any exogenous protein. Since it is 
easy to design against the target gene, siRNAs have become a common molecular tool 
for target gene knockdown and have been applied for oligonucleotide therapeutics35. 
However, this method is only used to reduce the amount of translation of the target gene, 
but the genetic information of RNA cannot be modified. The technology for modifying 
the genetic information of RNA will be a complementary technology to genome editing.  
Fig. 1-5 Expression control mechanism of target gene by siRNA. 
The siRNA is incorporated into the RNA-induced silencing complex (RISC) and cleaves the 














1-1-3. Site-directed RNA editing 
 At present, several groups, including our group, are developing site-directed RNA 
editing (SDRE) technology. The SDRE technology uses gRNA and generally involves 
the use of either exogenously engineered DD protein or the endogenous native human 
ADAR (hADAR). In either case, gRNAs that interact with DD or ADAR and have a 
sequence complementary to the target RNA are used to achieve site-directed RNA editing 
by inducing the RNA editing activity of DD to the target site. SDRE can be used to induce 
A-to-I RNA editing at any target site by simply designing a gRNA sequence 
complementary to the target RNA.  
First, we describe a method in which modified DD protein is used (Fig. 1-6). In this 
method, modified DD and gRNA form a complex through covalent or non-covalent 
interactions. These complexes induce A-to-I RNA editing at the target site via the 
programmed gRNA. In 2012, Stafforst reported a methodology involving the use of 
SNAP-DD, which is a fusion of DD with SNAP-tag, and BG-gRNA, which was obtained 
by chemically adding 5¢-O-benzylguanine (BG) to the end of gRNA36. This methodology 
allows the formation of a DD–gRNA complex by the covalent bonding of BG and SNAP-
tag. This methodology has been successfully used for site-directed RNA editing in not 
only human cultured cells but also the annelid Platynereis dumerilii37, 38. Furthermore, 
 
SNAP-DD methodology had highly efficient editing efficiency of about 80% for 
endogenous RNA in cultured cells by using DD, which was used to introduce high-
activity mutations of ADAR in 201939.  
 
Fig. 1-6 Site-directed RNA editing (SDRE) technology involving the use of modified DD. 
(A) Methodology with SNAP-DD and BG-gRNA.  
(B) Methodology with λN peptides and BoxB RNA.  



















In 2013, Rosenthal developed a methodology for generating DD–gRNA complexes 
through non-covalent interactions40. This methodology uses a gRNA, which adds a box 
B RNA sequence and DD fused with λN peptides to form a DD–gRNA complex (editase) 
by utilizing the specific interaction of the box B RNA–λN peptide41, 42. The difference 
between this and Stafforst’s methodology is that gRNA can be constructed only with 
natural oligonucleotides, and gRNA can be introduced into cells by using expression 
plasmids or virus vectors. In fact, site-directed A-to-I RNA editing has been reported in 
cultured cells by using expression plasmids43-45. Furthermore, editase and gRNA were 
introduced into the mouse brain by using adeno-associated virus vectors, and A-to-I RNA 
editing induction and restoration of protein function were achieved in 202046. RNA 
editing technology involving the use of the MS2 system has also been developed on the 
basis of the same principle; it allowed the restoration of dystrophin expression in a mouse 
model of Duchenne muscular dystrophy47.  
 In 2017, Zhang and colleagues developed SDRE technology by using the CRISPR/Cas 
system48. In this methodology, Cas1349 50, which recognizes and cleaves ssRNA was 
utilized. A complex of dCas–DD, in which DD is fused with Cas protein lacking cleavage 
activity (dCas), and CRISPR-like gRNA is used to induce site-directed A-to-I RNA 
editing at the target site. In addition, the Cas protein was mutated for reducing off-target 
 
editing and adapted to viral vectors; this methodology was named RNA Editing for 
Programmable A to I Replacement (REPAIR)48. Furthermore, a methodology for inducing 
C-to-U RNA editing activity by modifying ADAR2-DD was reported and named RNA 
Editing for Specific C-to-U Exchange (RESCUE)51. All these technologies require 
exogenous active proteins, namely, modified DD, and are adaptable to a wide range of 
organisms. However, these methods have limitations regarding off-target editing due to 
the expression of modified DD. 
 In humans, ADAR expression has been confirmed in many tissues, and A-to-I RNA 
editing is known to occur constantly. In other words, if the A-to-I RNA editing activity of 
native hADAR can be induced at a specific target site, the SDRE technology that does 
not require exogenous DD protein can be developed. Our group and Stafforst’s group 
reported a methodology for inducing the editing activity of native hADAR in 201752, 53. 
Both the methodologies involved the construction of gRNA based on the secondary 
structure of GluR2 pre-mRNA, which is a natural editing substrate RNA of hADAR2. In 
addition, Stafforst’s group newly constructed long-chain gRNAs based on the previous 
gRNA and induced the editing activity of endogenous ADAR to specific target sites of 
endogenous RNAs54. In addition, Qu’s group reported a methodology called leveraging 
endogenous ADAR for programmable editing of RNA (LEAPER) by using 
 
approximately 100 nt gRNA55. This methodology also showed that A-to-I RNA editing 
can be induced in endogenous RNA by utilizing the editing activity of endogenous 
hADAR. 
 
1-2. Purpose and Contents of This Thesis 
The A-to-I RNA editing, which is the most frequently used RNA editing in humans, is 
essential for biological phenomena and has been shown to be involved in various diseases. 
Furthermore, the editing mechanism and substrate specificity of the editing enzyme 
hADAR are becoming clear56, 57. However, the physiological significance of the A-to-I 
RNA editing mechanism, in which genetic information is converted at the RNA level, is 
not yet known. Although editing sites can be identified by comparing DNA and RNA 
sequences, only sequence information is not sufficient to clarify the physiological 
function of inosine. We thought that the physiological significance of the new A-to-I RNA 
editing mechanism could be clarified if A-to-I RNA mutation can be induced at an 
artificial target site. Therefore, we attempted to construct gRNAs that induce the editing 
activity of native hADAR. The gRNAs are functional nucleic acids used in genetic 
modification technology. RNA-targeted genetic modification technology is 
complementary to genome editing and can be used in various fields, including basic 
 
research and nucleic acid medicines. When our group began researching site-directed 
RNA editing, only methodologies utilizing exogenous DD had been reported (in 2013).  
These methods are complicated for experimental manipulation, and there is concern about 
off-target editing due to the expression of DD. Therefore, gRNAs as a site-directed A-to-
I RNA editing technology for inducing the editing activity of native hADAR need to be 
designed. Hence, this study aimed to develop a basic technology for site-directed A-to-I 
RNA editing by utilizing intracellular A-to-I RNA editing by constructing gRNAs.  
Chapter 2 of this thesis describes the construction of ADAR-guiding RNAs (AD-
gRNAs) ; it is a functional nucleic acid that induces the editing activity of native hADAR2. 
Chapter 3 describes the generation of short-chain AD-gRNAs (shAD-gRNAs) for 
optimizing the design of AD-gRNAs, focusing on the length of gRNAs. Furthermore, the 
specificity of shAD-gRNAs was analyzed, and the editing induction efficiency by using 
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Chapter 2 
Construction of ADAR-guiding RNAs (AD-gRNAs) that induce editing 
activity of human ADAR2 
 
2-1 Design of AD-gRNAs 
Intracellular A-to-I RNA editing at a specific target site can be induced by using gRNAs 
that have the ability to induce the editing activity of native hADAR. These gRNAs are 
composed of two modules: a region that interacts with hADAR and an antisense region 
that mediates target RNA recognition through base pairing (Fig. 2-1A). Importantly, when 
a tripartite complex of target RNA, gRNA, and hADAR is formed, ADAR binds to a 
position where the target site can be efficiently edited. Therefore, we focused on the 
secondary structure of the natural editing substrate RNA of hADAR. This RNA is 
expected to have an appropriate sequence for dsRBD binding and enzymatic activity. 
Therefore, hybridization of target RNA and gRNA revealed that the target site could be 
edited by reconstructing the secondary structure of the editing substrate RNA. The gRNA 
was designed on the basis of the secondary structure of GluR2 (GRIA2) pre-mRNA, a 
well-characterized hADAR2 substrate58, 59. GluR2 RNA can be divided into two 
components: a sequence containing the editing site and another containing the stem-loop 
structure. The latter is considered as ADAR-guiding RNA (AD-gRNA), and former is 
considered as the target RNA. Thus, the hybridization of AD-gRNA and target RNA was 
thought to cause the reconstitution of the secondary structure of GluR2 RNA and the 
editing of the target site. The stem-loop structure was defined as the ADAR-recruiting 
region (ARR), and the sequence that hybridizes with the target RNA was defined as the 
antisense region (ASR). The ASR can identify the target site by altering its sequence, 
based on the target RNA sequence (Fig. 2-1B). On the basis of this information, we 
constructed a 3¢-AS AD-gRNA having an ASR at the 3¢ end of ARR (Fig. 2-1C). 
Moreover, the direction and relative distance of the ARR from the target site would be 
flexible, since a complex of target RNA and gRNA would not include a phosphodiester 
bond between the ARR and the strand containing a target site. AD-gRNA with an ASR at 
the 5′-end of the ARR could form a similar editing substrate structure by flexible of ARR. 
Based on this hypothesis, we constructed 5′-AS AD-gRNA (Fig. 2-1C).  
 
 
Fig. 2-1 Sequence design of ADAR-guiding RNA. 
(A) Principle of the ADAR-guiding RNA (AD-gRNA) strategy for site-directed RNA editing. The 
hADARs bind by forming a complex between the target RNA and AD-gRNA and convert the 
target site to inosine. 
(B) Construction of AD-gRNA based on GluR2 pre-mRNA.The division site of GluR2 is 
indicated by a black arrowhead. 
(C) RNA sequences of 3¢-AS AD-gRNA and 5¢-AS AD-gRNA.The antisense region (ASR) is 













































Whether AD-gRNA designed according to these concepts induces editing activity to the 
target site was evaluated in vitro. A partial sequence of GFP was used as the model target 
RNA (160 nt), and AD-gRNA was designed with A200 as the target site. In this case, the 
ASR sequence without ARR was used as a control. ASR alone showed a low editing 
induction efficiency of 21% for 3′-AS at 60 min, while no editing was detected for 5'-AS 
(Fig. 2-2). On the other hand, editing efficiency of target site was 77% by 3'-AS AD-
gRNA and 96% by 5'-AS AD-gRNA. This indicated the improved editing efficiency by 
ARR. Interestingly, the editing efficiency of 5′-AS AD-gRNA exceeded that of 3′-AS AD-
gRNA. These results confirm that we constructed two types of AD-gRNAs that induce 
editing at the target site with high efficiency. 
 



















2-2 Evaluation of the editing-induction efficiency with AD-gRNA in ADAR2-
expressing cells 
The important quality of AD-gRNA is inducing the editing activity of native hADAR2. 
When hADAR2 is sufficiently expressed in target cells, intracellular SDRE could be 
achieved by introducing only AD-gRNA. Thus, the ability of the two types of AD-gRNAs 
to induce editing was evaluated in ADAR2-expressing cells. As the model target RNA, 
A200 of GFP RNA, which was already evaluated in an in vitro experiment, was used as 
the target adenosine. For the cell line, the previously constructed Tet-ADAR2 cell line60 
that can control the expression levels of ADAR2 and GFP in a doxycycline (Dox) 
concentration-dependent manner was used. The expression of ADAR2 by Dox was 
confirmed using western blotting (Fig. 2-3).  




AD-gRNA was cloned into a pSuper. neo plasmid including with the H1 promoter, a pol 
III promoter suitable for the expression of short RNA, and used for the transfection of 
Tet-ADAR2 cells. No editing signal was detected under conditions in which only the ASR 
of 5′-AS AD-gRNA was expressed (editing ratio: 4%; Fig. 2-4). Conversely, the editing 
induction efficiency of 3′AS AD-gRNA and 5′AS AD-gRNA to the target site was 32% 
and 28%, respectively (Fig. 2-4). 
Fig. 2-4 Editing percentages at A200 in GFP RNA by AD-gRNA editing induction. 
Next, off-target editing on target RNA was analyzed using whole-sequence analysis (Fig. 
2-5). Off-target editing was not detected in either AD-gRNAs. AD-gRNAs potentially 
interfere with intracellular editing homeostasis, since they induce the editing activity of 
































































Fig. 2-5 Entire sequencing chromatograms of GFP mRNA extracted from Tet-ADAR2 
cells transfected with an AD-gRNA expression plasmid.  
(A) without transfection, or transfected with (B) 5ʹ-AS expression plasmid, (C) 3¢-AS AD-gRNA 












The effect of AD-gRNAs on intracellular editing was evaluated by determining the 
editing efficiency of the endogenous editing substrate RNA (Fig. 2-6). The analysis of the 
editing efficiency at a Q/R site in filamin A RNA61, which is a substrate RNA of ADAR2, 
and a Y/C site in bladder cancer-associated protein RNA62, which is a substrate RNA of 
ADAR1 and ADAR2, revealed no change in the editing efficiency depending on the 
expression of AD-gRNAs. These results indicated that both AD-gRNAs induce the 








Fig. 2-6 Analysis of the effect of AD-gRNA expression on the intracellular editing state 
in Tet-ADAR2 cells. 


































2-3. Regulation of target protein expression by AD-gRNAs 
Since AD-gRNAs can induce site-directed RNA editing in cultured cells, an intracellular 
codon-repair experiment was performed to elucidate the potential of AD-gRNAs for 
regulating functional protein expression. Target protein expression caused by AD-gRNA-
induced codon repair was visualized using GFP-W58X mRNA40, 38 as a reporter target 
gene. This reporter RNA expresses full-length GFP when A173 of the reporter is edited 
(Fig. 2-7). The editing induction efficiency of 5′-AS AD-gRNA targeting A173 was 17% 
in HEK293 cells (Fig. 2-8). Furthermore, whole sequence analysis of the reporter RNA 
confirmed the absence of off-target editing (Fig. 2-9). In addition, the AD-gRNAs did not 
affect the efficiency of endogenous RNA editing (Fig. 2-10).  
Fig. 2-7 Sequence design of GFP-W58X reporter RNA. 
The target editing site (A173) is marked with a circled A base. Unedited reporter RNAs express 
immature GFP protein, whereas full-length GFP is expressed when the target site is edited. 
























































Fig. 2-9 Entire sequencing chromatograms of GFP-W58X reporter RNA extracted from 
HEK293 cells transfected with an AD-gRNA expression plasmid. 
Entire sequencing chromatograms of GFP-W58X reporter cDNA from HEK293 cells transfected 
with (A) GFP-W58X expression plasmid; (B) GFP-W58X and hADAR2 expression plasmid; or 
(C) GFP-W58X, hADAR2, and 5¢-AS AD-gRNA expression plasmid. The target site is indicated 

















Fig. 2-10 Analysis of the effect of AD-gRNA expression on the intracellular editing 
state in HEK293 cells. 


































Next, the expression of the target protein, i.e., GFP, was observed using fluorescence 
microscopy (Fig. 2-11). Of the approximately 280 observable control cells expressing 
wild-type GFP in the representative image, 101 cells showed distinct fluorescence. Cells 
expressing GFP-W58X did not show strong fluorescence. Co-transfection of hADAR2 
and GFP-W58X expression plasmids also did not generate positive fluorescent cells. In 
contrast, co-transfection with the 5′-AS AD-gRNA, GFP-W58X, and hADAR2 
expression plasmids led to the visualization of fluorescence signals in 10 out of 290 cells. 
These results indicated that 5′-AS AD-gRNAs regulate mature GFP biosynthesis by 
inducing SDRE. 
 
Fig. 2-11 Fluorescent microscopy pictures of the intracellular codon-repair experiment.  












We found that the two types of AD-gRNA induced the editing activity of hADAR2 in 
vitro and cultured cells. The AD-gRNA specifically induced A-to-I RNA editing for two 
target sites. Therefore, their use was considered as a simple methodology to induce editing 
at any target-A site by designing the antisense sequence. Furthermore, the expression of 
the target protein was shown to be regulated by site-directed RNA editing of AD-gRNA.  
Since both AD-gRNAs acted intracellularly, structural and design problems with the 
target RNA can be avoided. However, although the editing induction efficiency in vitro 
was higher in 5′-AS AD-gRNA than in 3′-AS AD-gRNA, no significant difference in 
editing efficiency was observed in the cultured cells. In our method, the intracellular 
editing induction efficiency could be affected by many factors, including the intracellular 
stabilities of AD-gRNAs. Intracellular localization of AD-gRNAs would be important for 
efficient editing induction, since hADAR2 is localized in the nucleolus21. For the above 
reasons, the in vitro capability of AD-gRNA might not be reflected in cells. Analysis of 
the difference between the two types of AD-gRNAs—3′-AS AD-gRNA and 5′AS AD-
gRNA—will be an important for SDRE by using AD-gRNAs. 
The expression level of target protein was regulated by codon repair by introducing RNA 
mutation by using AD-gRNAs. When the number of fluorescent cells was calculated by 
considering the transfection efficiency, the protein expression control rate by 5′AS AD-
gRNA was found to be 9.5%. The editing induction efficiency of 5′-AS AD-gRNA to the 
target site was 17.1%, which was different from the protein expression control rate. This 
may be attributed to the translation of the protein after the reporter RNA was edited. 
Therefore, the regulation of the maximum level and duration of protein expression by 
AD-gRNAs needs to be determined in future studies.  
The reporter gene used in this study was designed to regulate protein expression by 
converting the stop codon to the tryptophan codon. A-to-I RNA editing can convert 14 
types of amino acid codons, including protein phosphorylation sites of Ser, Thr, and Tyr, 
as well as start codons and amino acid codons, which are important for protein activity. 
Therefore, this editing allows to not only turn on/off protein expression, but also regulate 
genes such as the expression of inactive proteins, which is not possible by using RNAi. 
 
 
Materials and methods 
Oligonucleotides 
All DNA oligonucleotides used in this study were purchased from Hokkaido System 
Science Co., Ltd. and Sigma Genosys. The sequences of all DNA oligonucleotides are 
shown in Table 1. 
 
Preparation of recombinant hADAR2 
The yeast expression vector pYES2/NT A (Invitrogen), which contains a coding region 
for human ADAR2, was transformed into INVSc1 yeast cells (Invitrogen) by using the 
Frozen-EZ Yeast Transformation II kit (Zymo Research) and was cultured in SD-Ura 
Broth (Clontech) plate medium at 30 °C for 48 h. Colonies were inoculated into SD-Ura 
broth and cultured at 30 °C for 24 h. The grown yeasts were recovered and cultured in 
MINIMAL SD BASE GAL/RAF medium (Clontech) at 30 °C for 16 h. The recovered 
yeasts were cell-crushed by using glass beads (Sigma-Aldrich). Recombinant hADAR2 
was purified using a HisTrap HP column (GE Healthcare) and AKTA PURE (Cytiva), 
and fractions containing hADAR2 were collected. The recovered fractions were 
ultrafiltered using storage buffer (10 mM Tris-HCl [pH 7.5], 150 mM NaCl, 5% glycerol, 
1 mM DTT) by using a 50 kDa Amicon Ultra-4 Centrifugal Filter (Merck Millipore). 




The in vitro editing assay 
The gRNA and target-RNA complexes were generated by annealing 900 nM AD-gRNA 
and 300 nM target-RNA by heating at 80 °C for 3 min, followed by slow cooling to 25 °C 
for 15 min in annealing buffer (10 mM Tris-HCl [pH 7.6] and 150 mM NaCl). The editing 
reaction was as follows: 5 nM complexes and purified recombinant hADAR2 were mixed 
in 10 μL of reaction buffer (20 mM HEPES-NaOH [pH 7.5], 100 mM NaCl, 2 mM MgCl2, 
0.5 mM DTT, 0.01% TritonX-100, 5% glycerol, 1 U/μL Murine RNase Inhibitor; New 
England BioLabs) and incubated at 37 °C (12.5 nM ADAR2 with 0.5, 5, 10, 15, 30, 60, 
120 and 180 min). Subsequently, the reacted RNA was purified by phenol/chloroform 
extraction and ethanol precipitation, and then the RNA pellet was dissolved in 5 μL TE 
buffer. The cDNA from the reacted RNA was obtained by reverse transcribing purified 
RNA by using the PrimeScript II Reverse Transcription kit (Takara Bio). PCR (30 cycles 
of denaturation at 98 °C for 10 s, annealing at 55 °C for 15 s, elongation at 68 °C for 20 
s) was performed using cDNA as a template, PrimeStar GXL DNA polymerase, 0.3 µM 
sGFP RNA_T7FW primer, and 0.3 µM sGFP_RNA_RV primer to amplify the GFP 
cDNA. PCR (25 cycles of denaturation at 96 °C for 10 s, annealing at 50 °C for 5 s, and 
elongation at 60 °C for 60 s) was performed using the T7proGGG primer and a Big Dye 
Terminator Cycle Sequencing kit to prepare DNA samples for sequence analysis. 
Subsequently, these PCR samples were purified using ethanol precipitation and were 
dissolved in 15 µL of Hi-Di. The sequence was analyzed using a 3130 Genetic Analyzer 
to generate sequence chromatograms. Sequence chromatograms were obtained using a 
3500 Genetic Analyzer (Applied Biosystems). The editing ratio at each site was 
calculated using the following equation: A/[A + G], where A and G correspond to 
adenosine and guanosine peak heights, respectively, measured using Sequence Scanner 
software ver. 1.0 (Applied Biosystems).  
 
Preparation of the AD-gRNA expression plasmids 
AD-gRNA expression plasmids were constructed using pSUPER.neo (Oligoengine), 
which is used to express short cellular RNAs such as short hairpin RNAs and miRNAs, 
based on the H1 RNA polymerase III promoter. DNA inserts encoding AD-gRNAs were 
prepared by inserting tetra-uridine sequences into the 3′-end of the AD-gRNA sequence 
to terminate pol III transcription at a defined position. DNA inserts were synthesized 
using PCR. First, 2 µM ADg-GFP_A200 F1 and 2 µM ADg-GFP_A200 R1 were heat-
denatured at 95 °C for 3 min and annealed at 25 °C for 15 min. Double-stranded DNA 
was synthesized by performing an extension reaction at 25 °C for 30 min by using Klenow 
DNA polymerase (New England BioLabs). Subsequently, PCR (30 cycles of denaturation 
at 98 °C for 10 s, annealing at 55 °C for 15 s, and elongation at 68 °C for 20 s) was 
performed using PrimeStar GXL DNA polymerase (TaKaRa Bio), 0.3 µM ADg-
GFP_A200 F2 containing the BglII recognition sequence, and 0.3 µM ADg-GFP_A200 
R2 containing the tetra-uridine sequences and HindIII recognition sequence to synthesize 
a DNA insert of 5′-AS AD-gRNA_GFP-A200. Each DNA insert was purified using 
phenol/chloroform extraction and ethanol precipitation. The purified DNA insert and 
pSuper.neo were reacted with BglII (TaKaRa) and HindIII (TaKaRa) at 37 °C for 1 h. 
Subsequently, the DNA was purified using phenol/chloroform extraction and ethanol 
precipitation. A 3-fold molar amount of insert DNA and pSuper.neo were mixed using 
DNA Ligation Kit (TaKaRa), and a ligation reaction was performed at 16 °C for 30 min. 
Ligation samples were transformed into DH5α competent cells (TaKaRa) and cultured 
overnight on LB plate medium containing ampicillin. PCR analyses (30 cycles of 
denaturation at 98 °C for 10 s, annealing at 55 °C for 30 s, and elongation at 72 °C for 30 
s) were performed using each single colony on plate medium, TaKaRa Ex Taq (TaKaRa); 
pSuper_F01 primer; and pSuper_R01 primer. Colonies amplified using the DNA of the 
objective length were inoculated into 2 × YT medium containing 3 mL of ampicillin and 
cultured at 37 °C for 16 h. Plasmid DNA was extracted from the cultured DH5α by using 
the alkaline SDS method by using the Qiagen plasmid Mini Kit (Qiagen). PCR analyses 
(30 cycles of denaturation at 96 °C for 10 s, annealing at 50 °C for 5 s, and elongation at 
60 °C for 30 s) were performed using 100 ng plasmid DNA, pSuper_F01 primer, and Big 
Dye Terminator Cycle Sequencing kit (Applied Biosystems) to prepare DNA samples for 
sequence analysis. These PCR samples were then purified using ethanol precipitation and 
dissolved in 15 µL of Hi-Di (Applied Biosystems). The sequence was analyzed using a 
3130 Genetic Analyzer (Applied Biosystems) to generate sequence chromatograms. The 




HEK293 cells were harvested in Dulbecco’s modified Eagle’s medium (DMEM; Sigma) 
supplemented with 10% (w/v) fetal bovine serum (Biosera) at 37 °C with 5% (v/v) CO2. 
Tet-ADAR2 cells, in which hADAR2 and GFP were simultaneously expressed by a bi-
directional promoter under the control of the Tet-on system, were previously established 
in our laboratory3. The Tet-ADAR2 cells were cultured as monolayers in DMEM 
supplemented with 10% Tet system-approved fetal bovine serum (Clontech), 1 μg/mL 
puromycin (Sigma), and 100 μg/mL G418 (Sigma) at 37 °C in 5% (v/v) CO2. The 
expression of ADAR2 and GFP was induced by culturing tet-ADAR2 cells in the above 
medium supplemented with 5 μg/mL of Dox. 
 
Western blotting analysis for hADAR2 expression in Tet-ADAR2 cells 
Tet-ADAR2 cells were cultured in medium containing 0, 0.05, 0.1, 0.5, 1, or 5 μg/mL 
Dox; sub-confluent cells were then harvested. After the cells were counted using a 
hemocytometer, 6.4 × 104 cells were lysed in 20 μL SDS-PAGE sample buffer (50 mM 
Tris-HCl [pH 7.6], 2% SDS, 6% β-mercaptoethanol, 10% glycerol). Proteins in 5 μL 
samples of each cell lysate were separated using SDS-PAGE by using 8% polyacrylamide 
gel and electrophoretically transferred to polyvinylidene fluoride (PVDF) membranes 
(Millipore). The amount of lysate loaded was normalized by cutting the PVDF 
membranes to enable simultaneous analysis of both hADAR2 and β-actin on the same 
membrane. Each cut membrane was incubated with primary rabbit antibodies against 
hADAR2 or β-actin (Sigma), and then with a horseradish peroxidase–conjugated 
secondary antibody against rabbit IgG (Sigma). Following the chemiluminescence 
reaction with EzWestLumi Plus (ATTO), protein bands were detected using 
LuminoGraph I (ATTO). 
 
 
Analysis of intracellular editing-induction efficiency of AD-gRNAs 
The Tet-ADAR2 cells (1.6 × 105) were added to 35 mm dishes in medium containing 5 
μg/mL Dox. After the cells were cultured for 24 h, they were transfected with 2 μg of the 
AD-gRNA expression plasmid by using the X-tremeGENE HP DNA Transfection 
Reagent (Roche). At 72 h after transfection, the medium was removed, and cell samples 
were collected. Transfected cells were lysed using Sepasol RNA I Super G (Nacalai 
Tesque). Total RNA was purified using 2-propanol precipitation. Next, purified total RNA 
samples were treated with 10 U DNase I (Takara Bio) for 1 h at 37 °C, followed by 
phenol:chloroform extraction and ethanol precipitation. Purified RNA (0.5 μg) was 
reverse transcribed using the adapter-linked oligo(dT) 17 primer and the Transcriptor 
High Fidelity cDNA Synthesis Kit (Roche). PCR (30 cycles of denaturation at 98 °C for 
10 s, annealing at 55 °C for 15 s, and elongation at 68 °C for 60 s) was performed using 
the obtained total cDNA as a template, PrimeStar GXL DNA polymerase, 0.3 µM 
AcGFP_F primer, and 0.3 µM AcGFP_R primer to amplify the GFP cDNA. PCR analyses 
(25 cycles of denaturation at 96 °C for 10 s, annealing at 50 °C for 5 s, and elongation at 
60 °C for 60 s) were performed using the T7proGGG primer and a Big Dye Terminator 
Cycle Sequencing kit to prepare DNA samples for sequence analysis. Subsequently, the 
PCR samples were purified using ethanol precipitation and dissolved in 15 µL of Hi-Di. 
 
The sequence was analyzed using a 3130 Genetic Analyzer to generate sequence 
chromatograms. The efficiency of A-to-I RNA editing at the A200 site was analyzed using 
direct sequencing, followed by quantification of the relative heights of the A and G peaks; 
next, each editing ratio was calculated on the basis of the peak height of G divided by that 
of A + G. 
 
Construction of the GFP-W58X expression plasmid for intracellular codon-repair 
experiments 
The GFP-W58X expression plasmid was constructed on the basis of the pcDNA3.1 
expression vector (Invitrogen). The PCR (30 cycles of denaturation at 98 °C for 10 s, 
annealing at 55 °C for 15 s, and elongation at 68 °C for 40 s) was performed using 
PrimeStar GXL DNA polymerase, 0.3 µM ADg-GFP_A200 F2 containing the XhoI 
recognition sequence, and 0.3 µM 5′-GFP W58X R primer for mutating G173 to A173 to 
synthesize a 5′-side DNA fragment of GFP. In addition, PCR (30 cycles of denaturation 
at 98 °C for 10 s, annealing at 55 °C for 15 s, elongation at 68 °C for 40 s) was performed 
using PrimeStar GXL DNA polymerase, 0.3 µM 3′-GFPW58X F primer for mutating 
G173 to A173, and 0.3 µM 3′-GFP R containing the HindIII recognition sequence to 
synthesize a 3′-side DNA fragment of GFP. Subsequently, PCR (30 cycles of denaturation 
at 98 °C for 10 s, annealing at 55 °C for 15 s, elongation at 68 °C for 60 s) was performed 
using PrimeStar GXL DNA polymerase, 100-fold diluted 3′-side DNA fragment, 100-
fold diluted 5′-side DNA fragment, 0.3 µM 5′-GFP F primer, and 0.3 µM 3′-GFP R to 
synthesize DNA insert of a full-length GFP. DNA inserts were purified using 
phenol/chloroform extraction and ethanol precipitation. The purified DNA insert and 
pcDNA3.1 were reacted with XhoI (TaKaRa) and HindIII (TaKaRa) at 37 °C for 1 h. 
Subsequent operations were performed in the same manner as described above. However, 
the pcDNA_seqF01 and pcDNA_seqR01 primers were used for sequence analysis. 
 
Construction of 5′-AS AD-gRNA expression plasmid for intracellular codon-repair 
experiments 
Two µM ADg-rGFP_A173 F containing the BglII recognition sequence and 2 µM ADg-
rGFP_A173 R containing the tetra-uridine sequences and HindIII recognition sequence 
were heat-denatured at 95 °C for 3 min and annealed at room temperature for 15 min. 
Double-stranded DNA was synthesized by performing extension at 25 °C for 30 min by 
using Klenow DNA polymerase (New England BioLabs). Subsequent operations were 
performed in the same manner as described above. 
 
Intracellular codon-repair experiments with AD-gRNAs 
The editing induction efficiency of 5′-AS AD-gRNA_GFP-A173 was determined by 
adding HEK293 cells (1.6 × 105) to 6-well plates. After the cells were cultured for 24 h, 
they were transfected with 700 ng each of hADAR2, GFP-W58X, and AD-gRNA 
expression by using the X-tremeGENE HP DNA Transfection Reagent (Roche). At 72 h 
after transfection, the medium was removed, and cell samples were collected. Subsequent 
experimental procedures were performed in the same manner as described above. The 
repair of intracellular GFP fluorescence under a fluorescence microscope was analyzed 
by culturing HEK293 cells (1.6 × 105) in 35 mm glass bottom dishes (Falcon). After the 
cells were cultured for 24 h, they were transfected with 700 ng each of hADAR2, GFP-
W58X, and AD-gRNA expression using the X-tremeGENE HP DNA Transfection 
Reagent (Roche). At 72 h after transfection, the medium was replaced with PBS (-) 
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Chapter 3 
Optimization of AD-gRNA design by using intracellular A-to-I RNA 
editing 
 
3-1 Construction of short-chain AD-gRNAs 
AD-gRNAs could be designed on the basis of the secondary structure of natural editing 
substrates containing the editing site for hADAR2. The binding region of hADAR2 
dsRBDs in GluR2 pre-mRNA has been identified by using solution-structure analysis59. 
From this study, hADAR2 was thought to bind to the ARR of two AD-gRNAs in the same 
manner. However, the editing efficiencies of 3¢-AS AD-gRNA and 5¢-AS AD-gRNA were 
different. Therefore, the binding mode of ADAR2 to the two types of AD-gRNA and 
GluR2 RNA was predicted to be different. That is, whether all AD-gRNA sequences are 
required for ADAR2 binding is not yet known.  
Since ADAR binds to double-stranded RNA (dsRNA), multiple ADARs may bind to 
long-chain AD-gRNAs, resulting in off-target editing. Therefore, it was predicted that a 
highly specific AD-gRNA could be constructed by shortening AD-gRNAs. In addition, 
identifying the binding of ADAR, which edits the target site (i.e., the 1:1 target RNA–
gRNA complex and hADAR for editing the target site), is important for elucidating the 
editing induction mechanism of AD-gRNA. Understanding the editing induction 
mechanism might allow the designing of highly functional AD-gRNAs. 
An important characteristic of AD-gRNAs is their ability to induce the editing activity 
of native hADAR. ADAR is constitutively expressed in many human cells10. Therefore, 
it has the potential to introduce an A-to-I mutation into the target site simply by 
introducing AD-gRNAs into the cell. AD-gRNAs have the potential to become RNA-
editing oligonucleotides that can be applied in nucleic acid medicine. A previous study 
introduced a methodology for inducing the editing activity of endogenous ADAR by 
using about 100 nt long-chain gRNAs55, 54. In nucleic acid medicine, antisense 
oligonucleotides and siRNAs, for which designs and frameworks have been established, 
are generally used to introduce chemically modified nucleotides to enhance their 
intracellular function63. Functional RNAs used for site-directed RNA editing, including 
AD-gRNAs, are long-chain molecules, unlike those functional nucleic acids that are of 
about 20 mer. If a gRNA is introduced with chemically modified nucleic acids and 
developed as an RNA editing oligonucleotide, the AD-gRNA should preferably have a 
short chain considering the synthesis step. 
Therefore, shortening of the AD-gRNA chain is an important strategy because it can 
enhance the functionality of gRNAs, allow their development into nucleic acid medicines, 
and provide important knowledge for constructing further improving gRNAs. Therefore, 
we constructed a short-chain AD-gRNA based on a previously constructed AD-gRNA. 
 
3-1-1 Differences in the characteristics between 3′-AS AD-gRNA and 5′-AS AD-
gRNA 
Since 3¢-AS AD-gRNA and 5¢-AS AD-gRNA have different editing induction 
efficiencies in vitro, the binding mode of hADAR2 to the target RNA-gRNA complex 
was predicted to be different. In both AD-gRNA designs, off-target editing was mostly 
expected to occur in the duplex region formed by ASR/target-RNA. Therefore, first, we 
focused on the pattern of this off-target editing to understand the editing-inducing 
properties of 3′-AS and 5′-AS frameworks. In this experiment, multiple model target-
RNAs, which introduced potential off-target adenosines at a specified distance from the 
target adenosine, were used (Fig. 3-1). Target A was defined as A0, and each off-target A 
was numbered according to its distance from target A. In addition, interference of the 
editing efficiency owing to the intrinsic nearest-neighbor preferences of hADAR224 was 
avoided by fixing the 5′ and 3′ neighboring nucleotides of adenosines fixed to uridine (U) 
and cytosine (C), respectively (5′-UAC-3′, target or off-target adenosine underlined). As 
an exception, additional target RNAs with 5′-AAA-3′ and 5′-UAUAUAU-3′ (target site 
underlined) sequences were constructed for analyzing off-target editing at positions -1 
and +1, and -2 and +2, respectively. Next, an in vitro editing assay was performed using 
the model target RNA and corresponding AD-gRNA consisting of each framework. 
(A)                                         (B) 
Fig. 3-1 Sequence designs of target RNA for analyzing the editing selectivity of each 
AD-gRNA. 
Schematic of target RNA of (A) 5¢-AS AD-gRNA and (B) 3¢-AS AD-gRNA for analyzing off-














CGGGCGUCCGUCUGUU A8A3 -3’A5’-target 3
CCGUGUU CGU A9A4 -3’A5’-target 4 CGGCGU
UCGUGCAGUGCUUUU A2A-2U -3’A5’-target 1
GGCGUGCAGUGCUUGC A1A-1 -3’A5’-target 2
CCGUGUU CGGU A10A5 -3’A5’-target 5 CGCGU
CCGUGUU CGGGU A11A6 -3’Atarget 6 5’- CCGU













CUCU CGCU A-3A-8A-13 -3’A5’-target 3
CGUU CGCU A-4A-9A-14 -3’A5’-target 4
UUU G A C C A C C C U G A U A2A-2U -3’A5’-target 1
GGU G A C C A C C C U G A G C A1A-1 -3’A5’-target 2
CGGUACGCU CGUUA-10 A-5 -3’A5’-target 5
CGGGUCGCU CGUUA-11 A-6 -3’Atarget 6 5’-
CCGGGUGCU -3’CGUUA-12 A-7 Atarget 7 5’-
In the reaction with 3′-AS AD-gRNA, distinct off-target editing with a ratio of above 0.5 
was observed at positions A3–A6 and A10 (Fig. 3-2). Moreover, off-target editing 
induced by 5′-AS AD-gRNA was observed only at A1 and A2 (relative editing rate, 0.41 
and 0.37, respectively), and off-target sites with a ratio greater than 0.5 were not detected 
under this condition (Fig. 3-2). These results indicated that the off-target editing induction 
activity was significantly different between the 5′- and 3′-AS frameworks. 
Fig. 3-2 Analysis of editing selectivity around the target site of each framework. 
Editing efficiency of each off-target site with 3¢-AS AD-gRNA (orange) and 5¢-AS AD-gRNA 
















3'-AS AD-gRNA 5'-AS AD-gRNA 









In addition, we analyzed the off-target editing of cis-type substrate RNA64, 65. The 
sequences of multiple model target RNAs for 3¢-AS shAD-gRNA are shown in Fig. 3-3. 
Interestingly, the pattern of off-target editing for cis-type RNA was similar to that induced 
by 3′-AS AD-gRNA, rather than by 5′-AS AD-gRNA (Fig. 3-4). 


























GCAA GGCCCAU U CGCGA3’-
RNA 5
A0
Fig. 3-4 Analysis of editing selectivity of cis-type RNA. 
 
3-1-2 Construction of 5¢-AS shAD-gRNA 
The ASR requires a certain nucleotide length for hybridization to the target RNA should 
be considered when designing an AD-gRNA. In order to construct shAD-gRNAs, the 
ARR stem-loop structure of AD-gRNAs was first focused. Therefore, we attempted to 
shorten the ARR of the previous AD-gRNAs without losing the original editing activity. 
The 3¢-AS and 5¢-AS AD-gRNA frameworks were used to design the shortened AD-
gRNA mutants composed of ARRs with varying lengths to edit A200 of GFP RNA used 
as model target RNA (Fig. 3-5). In this design, we did not modify the original nucleotide 
sequence, but instead focused solely on the effect of ARR length on the editing activity. 





















nt) was assessed using an in vitro editing reaction by using recombinant hADAR2. For 
the 5′-AS frameworks, the editing efficiency of the original AD-gRNA was retained even 
when the ARR was shortened to 14 nt (49 nt: 94.1%, 14 nt: 95.1%, 12-ARR: 45.9%; Fig. 
3-6). In contrast, the 3′-AS AD-gRNA showed significant reduction in editing induction 
activity after the ARR was shortened (49-ARR: 55.7%, 24-ARR: 3.1%; Fig. 3-6). From 
this experiment, we obtained a new short-chain AD-gRNA, which was constructed using 
a 14 nt ARR stem based on the 5′-AS framework, having comparable editing induction 
activity to the original AD-gRNA (Fig. 3-7). This short-chain AD-gRNA was designated 
as 5′-AS shAD-gRNA. However, the ARR shortening strategy was not effective for 3′-
AS AD-gRNA. 






























































Fig. 3-6 Evaluation of the editing-induction ability of AD-gRNAs with different ARR 
lengths. 
Editing percentages at the target site with 3¢-AS AD-gRNA mutants (orange) and 5¢-AS AD-
gRNA mutants (blue). 
 
 
Fig. 3-7 RNA sequence of 5¢-AS short-chain AD-gRNA (shAD-gRNA). 
























3'-AS AD-gRNA 5'-AS AD-gRNA 
3-1-3 Construction of 3¢-AS shAD-gRNA 
Since 3¢-AS AD-gRNA could not be shortened by simply shortening the ARR, an 
alternate shortening strategy based on the utilization of the secondary structure of the 
target RNA-gRNA complex was attempted for editing. The complex of 3¢-AS AD-
gRNA–target RNA was predicted to reconstitute the editing mechanism of substrate RNA, 
since the pattern of off-target editing of the editing substrate RNA was similar to that of 
3¢-AS AD-gRNA. Therefore, we hypothesized that the distance from the target editing 
site to the stem end was important for efficient editing. In the original 3′-AS AD-gRNA 
with a 40 nt ARR, the distance from the target editing site to the ARR (including base 
pairs and mismatch pairs) was 21 pairs (Fig. 3-8), which comprised a 3 bp region that 
hybridized to the target RNA [hybridizing side (HS)] and an 18 bp region that forms 
duplexes or mismatches internally [stem side (SS)]. Hence, in our AD-gRNA design, 3′-
AS shAD-gRNA was generated by altering the HS and SS numbers while retaining the 
total number of 21 bp. For example, 5-HS and 16-SS generate AD-gRNAs with a total 
length of 55 nt, including a 36 nt ARR. Based on this design strategy, we synthesized 3′-
AS shAD-gRNA candidates consisting of 3-HS to 16-HS (Fig. 3-8).  
 
 
Fig. 3-8 Schematic representation of the strategy for constructing 3′-AS shAD-gRNA. 
The hairpin substrate is the basic structure of the AD-gRNA. AD-gRNAs are shown in blue. The 
hybridizing side (HS) length and total AD-gRNA length are shown on the left side of the AD-
gRNA sequences. 
The editing induction activity was the highest for AD-gRNA with 7-HS (Fig. 3-9). 
Notably, the AD-gRNA with 7-HS showed significantly higher editing induction activity 
than the original 3′-AS AD-gRNA with a 40 nt ARR. 
 
Fig. 3-9 Evaluation of the editing-induction ability of 3¢-AS shAD-gRNA candidates. 
Editing percentage at target A by 3¢-AS shAD-gRNA candidates. The HS length is indicated for 
each AD-gRNA. 
 
To confirm whether the distance at 21 nt needed to be maintained for the editing 
induction activity of AD-gRNA with 7-HS, we designed additional mutants by altering 
the length of the HS while maintaining that of SS at 14 nt (Fig. 3-10). Of these mutants, 
AD-gRNA with 7-HS, which was adapted to our strategy, showed the highest editing 
efficiency (Fig. 3-11). Finally, 3′-AS shAD-gRNA with a 32 nt ARR was constructed 

















Fig. 3-10 Design of 3¢-AS shAD-gRNA mutants for the analysis of target A position in 
3¢-AS shAD-gRNA. 
 
Fig. 3-11 Evaluation of the editing induction ability of 3¢-AS shAD-gRNA mutants. 
 
Fig. 3-12 RNA sequence of 3¢-AS shAD-gRNA. 






















































































































3-2 Editing selectivity of shAD-gRNAs 
We evaluated whether shAD-gRNA had improved specificity over the original AD-
gRNA by the shortening of AD-gRNA. As mentioned above, ASR-hybridized regions on 
the target RNA can be hotspots for off-target editing. Therefore, to elucidate the off-target 
editing characteristics of shAD-gRNAs, we performed an experiment similar to that 
shown in Fig. 3-1. The sequences of multiple model target RNAs for 3¢-AS shAD-gRNA 
are shown in Fig. 3-13. The range of defined off-target sites for each AD-gRNA is shown 
in Fig. 3-14. In this evaluation, hotspots of off-target editing were defined as regions with 
a relative editing ratio of off-target site to target site greater than 0.05.  
Fig. 3-13 Sequence designs of target RNA for analyzing the editing selectivity of 3¢-AS 
shAD-gRNA. 









CGUCGUUCU A-4A-9 -3’5’-target 2












UUCACCCUGAU A2A-2 -3’Atarget 6 5’- UCGUG
CACCCUGAGC -3’A1A-1Atarget 7 5’- GGCGUG
CUU A C G C U A C G U U
U A C G C U A C G U U





CGGGUA6 -3’Atarget 10 5’- C
Fig. 3-14 Illustration showing the range in which the off-target editing efficiency of 
each AD-gRNA is analyzed. 
 
In the reaction with the original 5′-AS AD-gRNA, hotspots were detected at six sites, 
including -2, -1, 1, 2, 3, and 10 A positions (relative editing ratios of 0.06, 0.08, 0.41, 0.37, 
0.07, and 0.05, respectively; Fig. 3-15). Furthermore, in the 5′-AS shAD-gRNA reaction, 
hotspots were only identified at five sites (relative editing ratios of 0.07 at position -2, 
0.14 at position -1, 0.14 at position 1, 0.05 at position 4, and 0.08 at position 9; Fig. 3-
15). In the 3′-AS frameworks, hotspots for the original 3′-AS AD-gRNA were detected at 
12 sites (relative editing ratios of 0.06 at position 2, 0.06 at position 1, 0.18 at position -
2, 1.03 at position -3, 0.90 at position -4, 0.93 at position -5, 0.87 at position -6, 0.16 at 










































position -11; Fig. 3-16). However, for 3′-AS shAD-gRNA, hotspots were significantly 
reduced to six positions (with relative editing ratios of 0.12 at position 1, 0.23 at position 
-1, 0.64 at position -3, 0.05 at position -4, 0.21 at position -5, and 0.09 at position -8; Fig. 
3-16). As expected, the shortening of the AD-gRNA reduced the number of hotspots, and 
many sites also showed lower relative values than the original AD-gRNA. These results 
indicate that shAD-gRNAs suppress off-target editing in hotspots more effectively than 
the original AD-gRNAs.  
 
Fig. 3-15 Editing efficiency of each off-target site with AD-gRNAs of 3¢-AS framework. 
The results of 3¢-AS AD-gRNA are the same as those shown in Fig. 3-1. Each editing ratio was 
calculated as follows: (% editing of off-target site)/(% editing of target site). 
 
AD-gRNA shAD-gRNA
























A position of AD-gRNA 
 
Fig. 3-16 Editing efficiency of each off-target site with AD-gRNAs of 3¢-AS framework. 
The results of 5¢-AS AD-gRNA are the same as those shown in Fig. 3-1. Each editing ratio was 
calculated as follows: (% editing of off-target site)/(% editing of target site). 
 
3-3 Editing-induction ability of shAD-gRNA in ADAR-expressing cells 
We evaluated whether shAD-gRNA have similar or superior editing-induction ability as 
the original AD-gRNA not only in vitro but also in cultured cells. For this intracellular 
experiment, an RNA editing reporter gene was constructed using a modified Renilla 
luciferase (Rluc) containing G-to-A point mutations (G311→A311), which generates a 
nonsense mutation (Trp104→amber). By using this reporter RNA, we could analyze the 
editing efficiency by using both the direct sequencing method and luciferase reporter 


























gRNA in the intracellular environment, we extended the length of ASR from 19 nt (used 
in the in vitro experiments) to 24 nt (Fig. 3-17). This ASR extension worked efficiently 
for the 5′-AS AD-gRNA framework, but not for the 3′-AS AD-gRNA framework. Thus, 
AD-gRNAs with an ASR of 24 nt were used in the subsequent cell experiments. With 
hADAR2 overexpression, shAD-gRNA induced SDRE at the defined target site. 
Fig. 3-17 Analysis of effective ASR length of shAD-gRNAs in cultured cells. 
(A)–(C) Schematic of ASR sequence design of each AD-gRNA (A) 3′-AS AD-gRNA. (B) 5′-AS 
AD-gRNA and 5′-AS shAD-gRNA. (C) 3′-AS shAD-gRNA. (D) Editing efficiency of each AD-






















































This ASR extension worked efficiently for the 5′-AS AD-gRNA framework, but not for 
the 3′-AS AD-gRNA framework. Thus, AD-gRNAs with an ASR of 24 nt were used in 
the subsequent cell experiments. With hADAR2 overexpression, shAD-gRNA induced 
SDRE at the defined target site. The editing efficiency of each framework maintained the 
relationship between the original AD-gRNA and shAD-gRNA as that observed in the in 
vitro experiment by using GFP RNA as the target RNA (3′-AS AD-gRNA: 11%, 3′-AS 
shAD-gRNA: 53%, 5′-AS AD-gRNA: 43%, and 5′-AS shAD-gRNA: 43%; Fig. 3-18). 
 
 
Fig. 3-18 Evaluation of the editing-induction ability of shAD-gRNAs in hADARs-
expressing cells. 













No ADAR ADAR2 ADAR1p110 ADAR1p150
3’-AS framework 5’-AS framework
In addition to hADAR2, hADAR1s (hADAR1p110 and hADAR1p150), which are 
ADAR isoforms, are endogenously expressed in human cells. Therefore, to reveal the 
expanded application of shAD-gRNA, we performed identical intracellular editing 
experiments by using hADAR1p110 and hADAR1p150 expression plasmids instead of 
hADAR2. For all AD-gRNAs, an editing signal was detected at the target site in both 
ADAR1p110- and ADAR1p150-overexpressed conditions (Fig. 3-18). Interestingly, 3′-
AS shAD-gRNA favored the induction of hADAR2, and 5′-AS shAD-gRNA efficiently 
induced all hADARs. Next, we performed a luciferase reporter assay by using the same 
co-transfected cells. As expected, the chemical luminescence signal triggered by the 
target editing induced by shAD-gRNA was clearly detected (Fig. 3-19). In addition, the 
luminescence intensities were correlated with the editing efficiency calculated using the 








Fig. 3-19 Analysis of target protein expression by editing induction of AD-gRNAs. 
Luminescence intensity of target Renilla luciferase (Rluc) protein. Since the reporter expression 
plasmid expresses firefly luciferase (Fluc) independently of Rluc, the luminescence intensity of 
Rluc was normalized by Fluc. 
 
Next, off-target editing on target RNA was analyzed using whole-sequence analysis (Fig. 
3-20). When an off-target editing site was defined as an adenosine with an editing 
efficiency of 5% or more, off-target editing dependent on AD-gRNA expression was 
observed at sites A215, A259, and A295 under the specific condition. Moreover, in A215 
and A259 with ADAR2 overexpression, certain level of editing occurred in an AD-
gRNA-independent manner. These editing efficiencies tended to increase with AD-gRNA 
expression. Moreover, the increase was slightly higher for shAD-gRNA than for the 
No ADAR ADAR2 ADAR1p110 ADAR1p150























original, and A215 editing was dependent on 3′-AS AD-gRNA expression when 
ADAR1p150 was overexpressed. Moreover, A295 in the ASR-hybridized region was 
















Fig. 3-20 Off-target editing efficiency within target RNA under hADARs overexpression. 
(A) Editing efficiency of A215, an off-target editing site in target RNA. (B) Editing efficiency of 












No gRNA 3’-AD ADg 3’-AS shADg 5’-AS ADg 5’-AS shADg



























In the gRNA-based SDRE method, off-target editing has been observed for not only 
target RNA but also other intracellular RNA55, 54, 47. Although these off-target editing sites 
contain unpredictable sites, one of the major causes of off-target editing is thought to be 
gRNA mis-hybridization. Therefore, next, we focused on the analysis of the editing of 
intracellular RNAs with a sequence similar to that of ASR. The potential off-target RNAs 
were searched using BLASTn according to their similarity to the ASR sequences of 5′-
AS and 3′-AS AD-gRNAs used in the experiments described above. For the five RNAs 
with the highest similarity scores, direct sequencing was used to analyze off-target editing 
on adenosines within the peripheral region of similar sequences (±50 nt of the similar 
sequence region; total length, about 115 nt). No off-target editing sites were detected in 
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Fig. 3-21 Evaluation of off-target editing efficiency of endogenous RNA by misguiding 
of AD-gRNA. 
Scatter plots show the difference in editing efficiency between cells transfected with gRNA 
expression plasmid and empty transfected cells. (A) Off-target editing analysis by 3ʹ-AS AD-
gRNA. (B) Off-target editing analysis by 3ʹ-AS shAD-gRNA. (C) Off-target editing analysis by 
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No ADAR ADAR2 ADAR1p110 ADAR1p150
EHBP1
3-4 Evaluation of the editing-induction ability of shAD-gRNA for endogenous target 
RNAs 
To evaluate whether the shAD-gRNA frameworks could be applied to various 
endogenous target RNAs, we designed 5¢-AS and 3¢-AS shAD-gRNAs to edit the sites 
on SMAD family member 4 (SMAD4) and glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) mRNA. First, the target applicability of shAD-gRNAs was evaluated using an 
in vitro editing assay (Fig. 3-22). In the 3′-AS shAD-gRNA, the target sites on both 
SMAD4 and GAPDH were successfully edited. Furthermore, the editing induction 
efficiencies were significantly higher than those of the original 3-AS AD-gRNA, as for 
the site on GFP RNA. However, unlike the 3′-AS shAD-gRNA, 5ʹ-AS shAD-gRNA 
exhibited variable editing induction activity depending on the target sequence (SMAD4: 
14.3%, GAPDH: 0.6%). Moreover, the editing-induction efficiency of SMAD4 was lower 
than that of the original gRNA, in contrast to that observed while editing GFP RNA. This 








Fig. 3-22 Evaluation of the in vitro editing-induction activity of shAD-gRNA targeting 
various RNAs. 
(A) Editing percentages at target A in SMAD4 RNA by AD-gRNA editing induction.  













3’-AS framework 5’-AS framework












Next, the editing induction ability of shAD-gRNAs was evaluated using endogenous 
SMAD4 and GAPDH mRNAs as the target RNAs in HEK293 cells (Fig. 3-23). The 3ʹ-
AS shAD-gRNA achieved more efficient target editing than the original, as was observed 
in the in vitro experiment. Similarly, 5ʹ-AS shAD-gRNA induced target editing of SMAD4. 
Interestingly, the editing efficiency of 5ʹ-AS shAD-gRNA was similar to that of the 
original AD-gRNA, although its in vitro activity was lower than that of the original AD-















Fig. 3-23 Editing-induction efficiency of AD-gRNAs targeting different endogenous 
RNAs. 
(A) On-target editing efficiency of AD-gRNA with SMAD4 used as the target RNA.  
(B) On-target editing efficiency of AD-gRNA with GAPDH used as the target RNA. 






















3-5 Site-directed RNA editing utilizing endogenous hADARs with shAD-gRNAs 
An advantage of our SDRE strategy is its ability to accomplish SDRE by exploiting the 
editing activity of endogenous hADARs without requiring exogeneous active deaminase. 
To highlight this important concept, we performed an intracellular target editing 
experiment without the overexpression of hADARs. For this experiment, HeLa cells were 
used because of their relatively abundant endogenous hADAR expression. The editing 
induction efficiency was analyzed by direct sequencing and a luciferase assay, as 
described above. Sequencing of chromatograms did not reveal any editing signal owing 
to shAD-gRNA expression (without gRNA: 0.8%, 3ʹ-AS shAD-gRNA: 0.4%, and 5ʹ-AS 
shAD-gRNA: 0.2%; Fig. 3-24).  
Fig. 3-24 Evaluation of the editing-induction efficiency of shAD-gRNA by measuring 
the editing activity of endogenous ADARs by using sequence analysis.  






A previous study reported a method for sensitively detecting endogenous A-to-I RNA 
editing by using a luciferase reporter assay66. Therefore, we speculated that RNA editing 
induction by shAD-gRNA could also be detected by a luciferase reporter assay. As 
expected, the luciferase reporter assay revealed a distinct signal by SDRE with shAD-
gRNA (Fig. 3-25), indicating that shAD-gRNA can achieve target editing, albeit with low 
efficiency, via the utilization of endogenous ADAR protein. 
 
Fig. 3-25 Analysis of the editing-induction efficiency by using endogenous hADARs 
and luciferase assay. 

























No siRNA ADAR1 siRNA ADAR2 siRNA ADAR1+ADAR2 siRNA
 
We also performed another editing experiment with the knockdown of one or both of 
the ADAR isoforms by using siRNAs to confirm the induction of endogenous ADAR and 
simultaneously determined which endogenous ADAR contributed to SDRE by shAD-
gRNA (Fig. 3-25). The knockdown efficiency was confirmed using RT-qPCR (Fig. 3-26).  
With double-ADAR knockdown, the luminescence intensity dependent on 5ʹ-AS and 3ʹ-
AS shAD-gRNA expression was decreased to the background level observed without 
gRNA (Fig. 3-25). This indicated that shADg-RNA could induce the activity of 
endogenous hADARs. Moreover, under the knockdown condition by using only ADAR1 
siRNA, the editing efficiency of SDRE with both 5ʹ-AS and 3ʹ-AS shAD-gRNA was 
reduced. In particular, the emission intensity of 5′-AS shAD-gRNA was reduced to the 
same level as that obtained by knocking down all hADARs. With ADAR2 knockdown, 
the emission intensity of 3′-AS shAD-gRNA decreased; however, the rate of emission 
intensity decrease of 5′-AS shADg was low. These results suggest that 3′-AS shAD-
gRNA induces the editing activity of both hADARs, whereas 5′-AS shADg is largely 




Fig. 3-26 Confirmation of the expression level of each hADAR in HeLa cells to 
evaluate the knockdown efficiency. 

























































































In this study, two types of shAD-gRNA frameworks were constructed; they were shorter 
than our AD-gRNA. The in vitro editing experiments revealed rigorous editing induction 
activity of both 5ʹ-AS and 3ʹ-AS shAD-gRNAs to the target site, indicating the 
effectiveness of our shortening strategy. In particular, for 3ʹ-AS shAD-gRNA, the 
improvement in activity was higher than that of the original 3ʹ-AS AD-gRNA for all 
evaluated target RNAs. In addition, certain target sequences were not readily edited by 
the original AD-gRNAs, as observed in the editing reaction for GAPDH. Hence, the 
original AD-gRNA was thought to exhibits target sequence dependence, which appeared 
to be overcome by the 3′-AS shAD-gRNA. Therefore, 3′-AS shAD-gRNA functions as a 
short-chain, highly functional AD-gRNA backbone that is applicable to various target 
sequences. Conversely, 5′-AS AD-gRNA was found to be incapable of inducing the 
editing of certain sequences, or exhibited lower editing induction activity than the original, 
suggesting that this gRNA length offers an advantage. Nevertheless, 5′-AS shAD-gRNA 
was very effective against suitable target sequences, but not for all sequences. Therefore, 
two such frameworks with different properties could be used to provide the optimal 
gRNA depending on the target sequence and application. 
The prominent difference in the editing-induction properties of 3′-AS and 5′-AS AD-
gRNA was the off-target editing activity that occurred in the duplex region formed by 
ASR hybridization. This result suggests that each AD-gRNA induces the target editing of 
hADAR2 protein in a different manner. Similarly, in experiments performed using 
mutants of AD-gRNA with gradually shortening ARR, the dependency of the stem length 
on efficient editing induction was also different between the 3-AS and 5′-AS AD-gRNA 
frameworks. These data clearly indicate that the ARR region required for target editing 
induction varies depending on whether the ASR is positioned at the 5′- or 3′-end of the 
ARR, irrespective of whether the ARR contains an identical sequence and structure. 
Therefore, the shortening method performed in this study could yield different results for 
the 3′-AS and 5′-AS frameworks. 
In the intracellular editing experiment, shAD-gRNA induced editing activity on both 
exogenous and endogenous ADARs to the defined site. These efficiencies were dependent 
on the target sequence, as was observed in vitro. However, in certain cases, the editing 
efficiency observed in vitro did not correlate with that observed intracellularly. For 
example, the 3ʹ-AS AD-gRNA could more effectively induce editing on SMAD4 than on 
GAPDH in vitro, yet this relationship was reversed intracellularly under our experimental 
conditions. Hence, the in vitro characterized AD-gRNA properties were not necessarily 
similar to those noted intracellularly, depending on the target. These differences might be 
attributed to various factors, such differences in intracellular structure affecting gRNA–
target interactions as well as differences in sequence stability. This is not restricted only 
to AD-gRNA but can also be noted in other functional RNAs. Accessibility to mRNA 
sites cannot be predicted from their nucleotide sequence information, owing to the 
potential formation of complex secondary and tertiary structures and the tight association 
with RNA-binding proteins67. However, further studies are required to verify these 
postulations. 
This study focused on analyzing off-target editing in the ASR-hybridized region, which 
is predicted to be a hotspot by SDRE by using AD-gRNA. We expected that the 
shortening of AD-gRNA would reduce undesirable ADAR binding, leading to the 
suppression of off-target editing. Although shAD-gRNA was found to increase off-target 
editing at a few sites, it could significantly suppress off-target editing in nearly all sites 
detected in the presence of original AD-gRNA. Hence, shAD-gRNA functions as an 
RNA-editing oligonucleotide that causes less off-target editing in the ASR-hybridized 
region. Furthermore, we identified the relative positions of potential off-target sites with 
the target site for both shAD-gRNA frameworks. Thus, off-target editing induced in the 
ASR-hybridized region would be avoided, to some extent, by using the proper shAD-
gRNA framework depending on the position of adenosine in the peripheral sequence of 
the target site. This design might be important in the practical application of AD-gRNAs, 
including original AD-gRNAs. 
SDREs with RNA-editing oligonucleotides containing AD-gRNAs utilize endogenous 
ADAR activity. Hence, this type of SDRE method has the advantage of avoiding the 
effects of artificial exogenous proteins, such as off-target editing and toxicity, which are 
common in other types of SDRE methods performed using recombinant deaminase36, 40, 
48, 44, 39, 68. The off-target editing due to the RNA editing activity of modified DD can be 
reduced by using methodologies for constructing a bump-hole method or split-DD69. 
However, considering the simplicity of the experimental operation, the method involving 
the use of RNA-editing oligonucleotides would be more suitable for medical applications. 
Functional nucleic acids with high bioavailability are commonly generated by first 
obtaining the basic nucleic acid sequence and then introducing modified nucleotides with 
optimized intracellular functions. According to this construction scheme, chemically 
modified RNA-editing oligonucleotides allowing efficient induction of endogenous 
ADAR activity have been developed using relatively long RNA sequences55, 54. However, 
this basic framework with long RNA sequences was predicted to induce unwanted 
binding of ADAR and to increase the chance of inducing off-target editing. In addition, 
if a long-chain gRNA is used, hybridization to RNA other than the target RNA becomes 
more likely. Furthermore, short strands offer significant advantages in terms of excellent 
handling and low manufacturing cost for applying RNA-editing oligonucleotides in 
therapeutics. Therefore, in this study, we focused on developing a new short gRNA 
framework for RNA-editing oligonucleotides with low off-target editing activity and high 
applicability to further optimization steps. The 5′-AS and 3′-AS AD-gRNAs, constructed 
with the shortest sequences, showed distinct intracellular editing induction activity and 
suppressed off-target editing in hotspots. These results suggest that shAD-gRNAs are 
promising candidates as a new basic framework, the functions of which can be improved 
by optimizing chemical modifications, to develop more practical RNA-editing 
oligonucleotides. The shAD-gRNAs have the potential to expand the basic framework 
for RNA-editing oligonucleotides. In addition to existing long strands, shAD-gRNAs 
have the potential to extend the basic framework for the development of short-chain 
RNA-editing oligonucleotides. 
The results indicate that short-chain AD-gRNAs with lower off-target editing efficiency 
around the target site than the original AD-gRNAs could be constructed. Thus, the basic 
methodology for site-directed RNA editing that utilizes endogenous A-to-I RNA editing 
was developed. 
 
Materials and methods 
Oligonucleotides 
All DNA oligonucleotides used in this study were purchased from Hokkaido System 
Science Co., Ltd. and Sigma Genosys. The sequences of all DNA oligonucleotides are 
shown in Table 2. 
 
Synthesis of 3¢-AS AD-gRNA mutants with shortened ARR 
First, dsDNA templates were synthesized using synthetic oligonucleotides. Next, 1 μM 
of the forward DNA oligonucleotide containing the T7 promoter sequence (ADg-
GFP_A200_FW, sADg-GFP_A200_FW, or 3¢-AS sADg-GFP_A200_FW) and 1 μM of 
a reverse DNA oligonucleotide (ADg-GFP_A200_RV, 3¢-AS sADg-GFP_A200_RV or 
3¢-AS ADg-GFP_A200_34ARR_RV) were mixed in NE Buffer 2 (New England 
BioLabs), and then annealing reactions were performed by denaturing the mixture at 
95 °C for 3 min, followed by cooling to 25 °C for 15 min. The dsDNA templates were 
generated by elongating the annealing product by using Klenow polymerase (New 
England BioLabs). The obtained dsDNA fragments were then purified by 
phenol/chloroform extraction and ethanol precipitation. Conversely, the T7pro GGG 
DNA primer with the T7 promoter sequence and a reverse DNA oligonucleotide (3¢-AS 
ADg-GFP_A200_24ARR_temp, 3¢-AS ADg-GFP_A200_16ARR_temp, 3¢-AS ADg-
GFP_A200_14ARR_temp, 3¢-AS ADg-GFP_A200_12ARR_temp, or 3¢-AS ADg-
GFP_A200_8ARR_temp) were mixed at a molar ratio of 2:1, and then the annealing 
reaction was performed by denaturing the mixture at 80 °C for 3 min, followed by cooling 
to 25 °C for 15 min. Template DNA for 3¢-AS shAD-gRNA candidates designed using a 
strategy of maintaining the secondary structure were synthesized using DNA 
oligonucleotides (3¢AS ADg_HS=4_FW and 3¢AS ADg_HS=4_RV, 3¢AS 
ADg_HS=5_FW, and 3¢AS ADg_HS=5_RV, 3¢AS ADg_HS=6_FW, and 3¢AS 
ADg_HS=6_RV, 3¢AS ADg_HS=7_FW and 3¢AS ADg_HS=7_RV, 3¢AS 
ADg_HS=8_FW and 3¢AS ADg_HS=8_RV, or 3¢AS ADg_HS=9_FW and 3¢AS 
ADg_HS=9_RV) and Klenow polymerase. An in vitro transcription reaction was 
performed at 37 °C for 3 h by using a template DNA of 1 µg and AmpliScribe T7 kit 
(Epicentre Biotechnologies). Reaction solutions were subjected to phenol/chloroform 
extraction and ethanol precipitation, and AD-gRNAs were purified on denaturing 8% or 
12% polyacrylamide gel containing 8 M urea, isolated using the crush soak method, and 
precipitated with ethanol. The sequences of all RNA are shown in Table 3. 
 
Synthesis of 5¢-AS AD-gRNA mutants with shortened ARR 
 
DsDNA templates were synthesized using synthetic oligonucleotides. For this, 1 μM of 
the forward DNA oligonucleotide containing the T7 promoter sequence (ADg-
rGFP_A200_FW or sADg-rGFP_A200_FW) and 1 μM of a reverse DNA oligonucleotide 
(ADg-rGFP_A200_RV01 or sADg-rGFP_A200_RV) were mixed in annealing buffer (50 
mM Tris-HCl [pH 7.6] and 50 mM NaCl), and then annealing reaction was performed by 
denaturing the mixture at 95 °C for 3 min, followed by cooling to 25 °C for 15 min. The 
dsDNA templates were generated by elongating the annealing product by using Klenow 
polymerase (New England BioLabs). The obtained dsDNA fragments were then purified 
by phenol/chloroform extraction and ethanol precipitation. Conversely, the T7pro GGG 
DNA primer with the T7 promoter sequence and a reverse DNA oligonucleotide (5¢-AS 
ADg-GFP_A200_40ARR_RV, 5¢-AS ADg-GFP_A200_24ARR_temp, 5¢-AS ADg-
GFP_A200_16ARR_temp, 5¢-AS ADg-GFP_A200_14ARR_temp, 5¢-AS ADg-
GFP_A200_12ARR_temp, or 5¢-AS ADg-GFP_A200_8ARR_temp) were mixed at a 
molar ratio of 2:1, and then annealing reaction was performed by denaturing the mixture 
at 80 °C for 3 min, followed by cooling to 25 °C for 15 min. Subsequently, in vitro 
transcription and purification were performed as described above. The sequences of all 
RNA are shown in Table 3. 
 
  
The in vitro editing assay 
The gRNA and target-RNA complexes were generated by annealing 900 nM AD-gRNA 
and 300 nM target-RNA by heating at 80 °C for 3 min, followed by slow cooling to 25 °C 
for 15 min in annealing buffer (10 mM Tris-HCl [pH 7.6] and 150 mM NaCl). The editing 
reaction was as follows: 5 nM complexes and purified recombinant hADAR2 were mixed 
in 10 μL of reaction buffer (20 mM HEPES-NaOH [pH 7.5], 100 mM NaCl, 2 mM MgCl2, 
0.5 mM DTT, 0.01% TritonX-100, 5% glycerol, 1 U/μL Murine RNase Inhibitor; New 
England BioLabs) and incubated at 37 °C (12.5 nM ADAR2 with 60 min incubation), 
and the results are shown in Figs. 3-2, 3-3, 3-5, 3-13, and 3-14; and the results for 6.25 
nM ADAR2 with 60 min incubation are shown in Figs. 3-8 and 3-10). Subsequently, the 
reacted RNA was purified by phenol/chloroform extraction and ethanol precipitation, and 
then the RNA pellet was dissolved in 5 μL TE buffer. The cDNA from the reacted RNA 
was obtained by reverse transcribing purified RNA by using the PrimeScript II Reverse 
Transcription kit (Takara Bio). PCR (30 cycles of denaturation at 98 °C for 10 s, annealing 
at 55 °C for 15 s, elongation at 68 °C for 20 s) was performed using cDNA as a template, 
PrimeStar GXL DNA polymerase, 0.3 µM sGFP RNA_T7FW primer, and 0.3 µM 
sGFP_RNA_RV primer to amplify the GFP cDNA. PCR (25 cycles of denaturation at 
96 °C for 10 s, annealing at 50 °C for 5 s, and elongation at 60 °C for 60 s) was performed 
 
using the T7proGGG primer and a Big Dye Terminator Cycle Sequencing kit to prepare 
DNA samples for sequence analysis. Subsequently, these PCR samples were purified 
using ethanol precipitation and were dissolved in 15 µL of Hi-Di. The sequence was 
analyzed using a 3130 Genetic Analyzer to generate sequence chromatograms. Sequence 
chromatograms were obtained using a 3500 Genetic Analyzer (Applied Biosystems). The 
editing ratio at each site was calculated using the following equation: A/[A + G], where 
A and G correspond to adenosine and guanosine peak heights, respectively, measured 
using Sequence Scanner software ver. 1.0 (Applied Biosystems).  
 
Synthesis of AD-gRNAs for the analysis of editing selectivity 
The procedure for this was the same as above, but the template DNA was synthesized 
using the DNA oligonucleotides shown below. The template DNAs for 3¢-AS AD-gRNA 
were synthesized using 3¢-AS sADg_selectivity_FW, reverse Oligo DNA (3¢-AS 
sADg_t2_RV, 3¢-AS sADg_t3_RV, 3¢-AS sADg_t4_RV, 3¢-AS sADg_t5_RV, 3¢-AS 
sADg_t6_RV, or 3¢-AS sADg_t7_RV) and Klenow polymerase. The template DNAs for 
5¢-AS AD-gRNA were synthesized using forward Oligo DNA (5¢-AS sADg_t3_FW, 5¢-
AS sADg_t4_FW, 5¢-AS sADg_t5_FW, 5¢-AS sADg_t6_FW, or 5¢-AS sADg_t7_FW), 
5¢-AS ADg_selectivity_RV and Klenow polymerase. The template DNAs for shAD-
 
gRNAs were synthesized using T7proGGG, reverse Oligo DNA (5¢-AS shADg_t1_temp, 
5¢-AS shADg_t2_temp, 5¢-AS shADg_t3_temp, 5¢-AS shADg_t4_temp, 5¢-AS 
shADg_t5_temp, 5¢-AS shADg_t6_temp, 5¢-AS shADg_t7_temp, 3¢-AS shADg_t1_RV, 
3¢-AS shADg_t2_RV, 3¢-AS shADg_t3_RV, 3¢-AS shADg_t4_RV, 3¢-AS shADg_t5_RV, 
3¢-AS shADg_t6_RV, 3¢-AS shADg_t7_RV, 3¢-AS shADg_t8_RV, 3¢-AS shADg_t9_RV, 
3¢-AS shADg_t10_RV, or 3¢-AS shADg_t11_RV). Subsequently, in vitro transcription 
and purification were performed as described above. The sequences of all RNA are shown 
in Table 3. 
 
Preparation of the hADAR expression plasmid 
The DNA insert for human ADAR2 was amplified from a cDNA clone (clone ID 
6014605; Open Biosystems) by using hADAR2_KpnFW, hADAR2_XbaRV, and 
PrimeStar GXL DNA polymerase (30 cycles of denaturation at 98 °C for 10 s, annealing 
at 55 °C for 15 s, and elongation at 68 °C for 2 min). The DNA insert for human 
ADAR1p150 was amplified from a cDNA clone (clone ID 5497548; Open Biosystems) 
by using hADAR1p150_FW, hADAR1_XbaRV, and PrimeStar GXL DNA polymerase 
(30 cycles of denaturation at 98 °C for 10 s, annealing at 55 °C for 15 s, and elongation 
at 68 °C for 2 min). ADAR1p110 amplified the coding region of human ADAR1p110, 
 
which matched the CDS of NCBI Reference Sequence NM_001025107.3, by using the 
cDNA clone encoding ADAR1p150 as a template. Each DNA insert was cloned into the 
pcDNA3.1/Hygro (-) vector, and the sequences of the resulting plasmids were confirmed 
by DNA sequencing analysis, by using the same experimental procedures as above. 
Finally, the expression plasmid used for transfection was prepared using a Plasmid Mini 
kit (Qiagen), according to manufacturer’s protocol. 
 
Preparation of AD-gRNA expression plasmid 
DNA inserts were synthesized using PCR. First, 2 µM forward DNA oligonucleotide (3¢-
AS ADg_RlucA311_ASR19_FW, 5¢-AS ADg_RlucA311_ASR19_FW, 3¢-AS 
ADg_RlucA311_FW, 5¢-AS ADg_RlucA311_ASR19_FW, 3¢-AS 
ADg_RlucA311_ASR24_FW, 5¢-AS ADg_RlucA311_ASR24_FW, or 
shADg_RlucA311_FW) containing the BglII recognition sequence and 2 µM reverse 
DNA oligo nucleotide (3¢-AS ADg_RlucA311_ASR19_RV, 5¢-AS ADg_RlucA311_RV, 
3¢-AS ADg_RlucA311_ASR19_RV, 5¢-AS ADg_RlucA311_ASR19_RV, 3¢-AS 
ADg_RlucA311_ASR_24_RV, 3¢-AS ADg_RlucA311_ASR24_RV, or 
shADg_RlucA311_RV) containing the tetra-uridine sequences and HindIII recognition 
sequence were heat-denatured at 95 ℃ for 3 min and annealed at room temperature over 
 
15 min. Double-stranded DNA was synthesized by performing an extension reaction at 
25 °C for 30 min by using Klenow DNA polymerase. Subsequent operations were 
performed in the same manner as described above. 
 
Preparation of the target RNA expression plasmid 
The reporter for the codon-repair experiment was designed based on Renilla luciferase 
mRNA (Rluc-WT). The PCR (30 cycles of denaturation at 98 °C for 10 s, annealing at 
55 °C for 15 s, and elongation at 68 °C for 40 s) was performed using PrimeStar GXL 
DNA polymerase, 0.3 µM 5¢-Rluc_F containing the EcoRI recognition sequence, and 0.3 
µM 5¢-RlucW104X R primer for mutating G311 to A311 to synthesize a 5¢-side DNA 
fragment of Rluc. In addition, PCR (30 cycles of denaturation at 98 °C for 10 s, annealing 
at 55 °C for 15 s, and elongation at 68 °C for 40 s) was performed using PrimeStar GXL 
DNA polymerase, 0.3 µM 3¢-RlucW104X F primer for mutating G311 to A311, and 0.3 
µM 3¢-Rluc_R containing the BamHI recognition sequence to synthesize a 3¢-side DNA 
fragment of Rluc. Next, PCR (30 cycles of denaturation at 98 °C for 10 s, annealing at 
55 °C for 15 s, elongation at 68 °C for 60 s) was performed using PrimeStar GXL DNA 
polymerase, 100-fold diluted 3¢-side DNA fragment, 100-fold diluted 5¢-side DNA 
fragment, 0.3 µM 5¢-Rluc F primer, and 0.3 µM 3¢-Rluc R to synthesize DNA insert of a 
 
full-length Rluc. The Rluc-W104X DNA insert was cloned into the psiCHECK2 vector 




HEK293 and HeLa cells (ATCC) were harvested in Dulbecco’s modified Eagle’s medium 
(DMEM; Sigma) supplemented with 10% (w/v) fetal bovine serum (Biosera) and 
incubated at 37 °C with 5% (v/v) CO2.  
 
Analysis of intracellular editing induction efficiency of AD-gRNAs 
HEK293 and HeLa cells (5.0 × 104 cells) were added to 24-well plates. After culturing 
for 48 h, cells were transfected with 50 ng of the Rluc-W104X expression plasmid, 250 
ng of the AD-gRNA expression plasmid, and 250 ng of the ADAR expression plasmids, 
by using the X-tremeGENE HP DNA Transfection Reagent (Roche). At 72 h post-
transfection, the medium was removed, and cell samples were collected. Subsequent 
experimental procedures were performed in the same manner as described above. 
 
Intracellular codon-repair experiments by using a luciferase reporter assay 
 
HEK293 and HeLa cells (5.0 × 104 cells) were added to 24-well plates. After culturing 
for 48 h, cells were transfected with 50 ng of the Rluc-W104X expression plasmid, 250 
ng of the AD-gRNA expression plasmid, and 250 ng of the ADAR expression plasmids, 
by using the X-tremeGENE HP DNA Transfection Reagent (Roche). At 72 h post-
transfection, cell extracts from the cultured cells were harvested, and a luciferase reporter 
assay was performed. Chemiluminescence reactions were performed using the Dual-
Luciferase Reporter Assay System (Promega). First, Luciferase Assay Reagent II was 
added; after 1 min, the intensity of the internal standard Firefly Luciferase was measured 
using a GloMax® 20/20 Luminometer (Promega). Immediately after that, Stop & Glo 
Reagent was added, and, after 1 min, the emission intensity of Rluc was measured. The 
value obtained by dividing the intensity of Rluc by Fluc was used as the relative emission 
intensity. 
 
Evaluation of off-target editing for endogenous RNA selected by Nucleotide BLAST 
A standard nucleotide BLAST (BLASTn) search was performed using the ASR 
antiparallel sequence of each AD-gRNA targeting the reporter RNA (Rluc_A311). Of the 
selected RNA types, the top five with high total scores were selected. Adenosine existing 
within the anteroposterior 50 nt region corresponding to the antiparallel sequence of ASR 
 
was analyzed by direct sequencing. We defined off-target editing sites as those for which 
the editing ratio increased by ≥5.0% owing to the expression of gRNA ,and the p value 
obtained via t-test was ≤0.05. 
 
siRNA knockdown of ADAR isoforms 
HeLa cells (5.0 × 104 cells) were added to 24-well plates. After culturing for 48 h, cells 
were transfected with 5 nM siRNA specific for ADAR1 (Life Technologies) or ADAR2 
(Life Technologies), by using the Lipofectamine™ RNAiMAX Transfection Reagent 
(Life Technologies). In addition, all ADAR isoforms cells were knocked down by 
transfecting with 5 nM siRNA specific for ADAR1 (Life Technologies), and 5 nM siRNA 
specific for ADAR2 (Life Technologies), by using the Lipofectamine™ RNAiMAX 
Transfection Reagent (Life Technologies). At 48 h post-transfection, cells were 
transfected with 50 ng of the Rluc-W104X expression plasmid and 500 ng of the AD-
gRNA expression plasmid, by using the X-tremeGENE HP DNA Transfection Reagent 





Each expression amount was analyzed using the same total cDNA sample as the 
intracellular editing induction efficiency. RT-qPCR was performed using Power SYBR ® 
Green PCR Master Mix (Applied Biosystems). Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) was also quantified as an internal standard for quantifying total 
RNA by using the GAPDH-QF and GAPDH-QR primers. The qPCR conditions were as 
follows: denaturation for 10 min at 95 °C, and 55 cycles of 15 s at 95 °C and 1 min at 
60 °C, by using the LightCycler® Nano system (Roche). The LightCycler® Nano 
analysis software (Roche) was used to calculate Ct values from the fluorescence-
amplification plots by using the second-derivative maximum method. The difference in 
ΔCt was calculated for each sample by using the following equation: ΔCt = Ct (objective 
RNA) - Ct (GAPDH). The relative expression level of ADg-RNA was estimated using 












for in vitro  synthesis of AD-gRNA







3'-AS ADg-GFP_A200 24-ARR 3'-AS ADg-GFP_A200_24ARR_temp AAGCACTGCACGCCTGCGCAGGTGGGATACGAATATTCCACCCTATAGTGAGTCGTATTAG
3'-AS ADg-GFP_A200 16-ARR 3'-AS ADg-GFP_A200_16ARR_temp AAGCACTGCACGCCTGCGCAGGTGGCGAACCACCCTATAGTGAGTCGTATTAG
3'-AS ADg-GFP_A200 14-ARR 3'-AS ADg-GFP_A200_14ARR_temp AAGCACTGCACGCCTGCGCAGGTGCGAACACCCTATAGTGAGTCGTATTAG
3'-AS ADg-GFP_A200 12-ARR 3'-AS ADg-GFP_A200_12ARR_temp AAGCACTGCACGCCTGCGCAGGTCGAAACCCTATAGTGAGTCGTATTAG






5'-AS ADg-GFP_A200 34-ARR 5'-AS ADg-GFP_A200_40ARR_RV AGGTGGGATACTATACGAATATACTATTCCACCCGCTGCGGCGTG
5'-AS ADg-GFP_A200 24-ARR 5'-AS ADg-GFP_A200_24ARR_temp AGGTGGGATACGAATATTCCACCCGCTGCGGCGTGCAGTGCTTCCCTATAGTGAGTCGTATTAG
5'-AS ADg-GFP_A200 16-ARR 5'-AS ADg-GFP_A200_16ARR_temp AGGTGGCGAACCACCCGCTGCGGCGTGCAGTGCTTCCCTATAGTGAGTCGTATTAG
5'-AS ADg-GFP_A200 14-ARR 5'-AS ADg-GFP_A200_14ARR_temp AGGTGCGAACACCCGCTGCGGCGTGCAGTGCTTCCCTATAGTGAGTCGTATTAG
5'-AS ADg-GFP_A200 12-ARR 5'-AS ADg-GFP_A200_12ARR_temp AGGTCGAAACCCGCTGCGGCGTGCAGTGCTTCCCTATAGTGAGTCGTATTAG













3'-AS ADg HS=10 3'AS ADg_HS=10_temp CCTGAGCTGCGGCGTGCAGGGACTATACCACGAATGGTATACTCCTATAGTGAGTCGTATTAG
3'-AS ADg HS=14 3'AS ADg_HS=14_temp AGCTGCGGCGTGCAGTGCTGGTACCACGAATGGTACCTATAGTGAGTCGTATTAG
3'-AS ADg HS=15 3'AS ADg_HS=15_temp GCTGCGGCGTGCAGTGCTTGGACCACGAATGGTCCTATAGTGAGTCGTATTAG
3'-AS ADg HS=16 3'AS ADg_HS=16_temp CTGCGGCGTGCAGTGCTTCGGCCACGAATGGCCTATAGTGAGTCGTATTAG
3'-AS shADg HS=3, 6, 8, 11 3'-AS shADg_mut_FW CTAATACGACTCACTATAGGAATAGTATACCATTCGTGGTATAG
3'-AS shADg HS=3 3'AS shADg_HS=3_RV TGACCACCCTGAGCTGCGGGGGATACTATACCACGAATGGTATAC
3'-AS shADg HS=6 3'AS shADg_HS=6_RV CCACCCTGAGCTGCGGCGTGGGATACTATACCACGAATGGTATAC
3'-AS shADg HS=8 3'AS shADg_HS=8_RV ACCCTGAGCTGCGGCGTGCGGGATACTATACCACGAATGGTATAC





5'-AS AD-gRNA  target 3-7 5'-AS ADg_selectivity_RV AGGTGGGATACTATACCACGAATGGTATACTATTCCACCC
5'-AS sADg_target 3 5'-AS sADg_t3_FW CTAATACGACTCACTATAGGGACGCCCGTACGGTAGCAACGGGTGGAATAGTATAC
5'-AS sADg_target 4 5'-AS sADg_t4_FW CTAATACGACTCACTATAGGGACGCCGTACGGTACGCAACGGGTGGAATAGTATAC
5'-AS sADg_target 5 5'-AS sADg_t5_FW CTAATACGACTCACTATAGGGACGCGTACGGTACCGCAACGGGTGGAATAGTATAC
5'-AS sADg_target 6 5'-AS sADg_t6_FW CTAATACGACTCACTATAGGGACGGTACGGTACCCGCAACGGGTGGAATAGTATAC
5'-AS sADg_target 7 5'-AS sADg_t7_FW CTAATACGACTCACTATAGGGACGTACGGTACCCGGCAACGGGTGGAATAGTATAC
5'-AS shADg_target1 5'-AS shADg_t1_temp AGGTGCGAACACCCGCAGAGGCGTGCAGTGCTTCCCTATAGTGAGTCGTATTAG
5'-AS shADg_target2 5'-AS shADg_t2_temp AGGTGCGAACACCCTATGTATCGTGCAGTGCTTCCCTATAGTGAGTCGTATTAG
5'-AS shADg_target3 5'-AS shADg_t3_temp AGGTGCGAACACCCGTTGCTACCGTACGGGCGTCCCTATAGTGAGTCGTATTAG
5'-AS shADg_target4 5'-AS shADg_t4_temp AGGTGCGAACACCCGTTGCGTACCGTACGGCGTCCCTATAGTGAGTCGTATTAG
5'-AS shADg_target5 5'-AS shADg_t5_temp AGGTGCGAACACCCGTTGCGGTACCGTACGCGTCCCTATAGTGAGTCGTATTAG
5'-AS shADg_target6 5'-AS shADg_t6_temp AGGTGCGAACACCCGTTGCGGGTACCGTACCGTCCCTATAGTGAGTCGTATTAG


















3'-AS AD-gRNA  target 2, 3-7 3'-AS sADg_selectivity_FW CTAATACGACTCACTATAGGGTGGAATAGTATACCATTCGTG
3'-AS sADg_target 2 3'-AS sADg_t2_RV TGACCACCCTGAGCAGAGGAGGTGGGATACTATACCACGAATGGTATAC
3'-AS sADg_target 3 3'-AS sADg_t3_RV CTACGCTACGTTACTGCCGAGGTGGGATACTATACCACGAATGGTATAC
3'-AS sADg_target 4 3'-AS sADg_t4_RV TACGCTACGTTACGTGCCGAGGTGGGATACTATACCACGAATGGTATAC
3'-AS sADg_target 5 3'-AS sADg_t5_RV ACGCTACGTTACGGTGCCGAGGTGGGATACTATACCACGAATGGTATAC
3'-AS sADg_target 6 3'-AS sADg_t6_RV CGCTACGTTACGGGTGCCGAGGTGGGATACTATACCACGAATGGTATAC
3'-AS sADg_target 7 3'-AS sADg_t7_RV GCTACGTTACCGGGTGCCGAGGTGGGATACTATACCACGAATGGTATAC
3'-AS shADg_target 1 3'-AS shADg_t1_RV ACGTTACGGGTGCCGTACCGGGATACTATACCACGAATGGTATAC
3'-AS shADg_target 2 3'-AS shADg_t2_RV TACGTTACGGTGCCGTACGGGGATACTATACCACGAATGGTATAC
3'-AS shADg_target 3 3'-AS shADg_t3_RV CTACGTTACGTGCCGTACGGGGATACTATACCACGAATGGTATAC
3'-AS shADg_target 4 3'-AS shADg_t4_RV GCTACGTTACTGCCGTACGGGGATACTATACCACGAATGGTATAC
3'-AS shADg_target 5 3'-AS shADg_t5_RV CGTTACCGGGTGCCGTACGGGGATACTATACCACGAATGGTATAC
3'-AS shADg_target 6 3'-AS shADg_t6_RV CACCCTGATATGTATCGTGGGGATACTATACCACGAATGGTATAC
3'-AS shADg_target 7 3'-AS shADg_t7_RV CACCCTGAGCAGAGGCGTGGGGATACTATACCACGAATGGTATAC
3'-AS shADg_target 8 3'-AS shADg_t8_RV TACGCTACGTTGCTACCGTGGGATACTATACCACGAATGGTATAC
3'-AS shADg_target 9 3'-AS shADg_t9_RV TACGCTACGTTGCGTACCGGGGATACTATACCACGAATGGTATAC
3'-AS shADg_target 10 3'-AS shADg_t10_RV TACGCTACGTTGCGGGTACGGGATACTATACCACGAATGGTATAC
3'-AS shADg_target 11 3'-AS shADg_t11_RV TACGCTACGTTGCCGGGTAGGGATACTATACCACGAATGGTATAC
for in vitro  synthesis of target RNA





target RNA 1-7 targetRNA_T7FW CTAATACGACTCACTATAGGGTGAATGGCCACAAGTTCAG
target RNA_1 target RNA_1 RV TAGCGTGAGAAGCACTGCACGATATATATCAGGGTGGTCACCAGGGTG
target RNA_2 target RNA_2 RV GAGAAGCACTGCACGCCTTTGCTCAGGGTGGTC
target RNA_3 RV01 CCCGTACGGTAGTAACGTAGCGTAGCGTGAGAAGCACTGC
target RNA_3 RV02 TTACTGCTCGTTCTTCAGCACGCCCGTACGGTAGTAACGTAGCG
target RNA_4 RV01 CCGTACGGTACGTAACGTAGCGTAGCGTGAGAAGCACTGC
target RNA_4 RV02 TTACTGCTCGTTCTTCAGCACGCCGTACGGTACGTAACGTAGCG
target RNA_5 RV01 CGTACGGTACCGTAACGTAGCGTAGCGTGAGAAGCACTGC
target RNA_5 RV02 TTACTGCTCGTTCTTCAGCACGCGTACGGTACCGTAACGTAGCG
target RNA_6 RV01 GTACGGTACCCGTAACGTAGCGTAGCGTGAGAAGCACTGC
target RNA_6 RV02 TTACTGCTCGTTCTTCAGCACGGTACGGTACCCGTAACGTAGCG
target RNA_7 RV01 TACGGTACCCGGTAACGTAGCGTAGCGTGAGAAGCACTGC
target RNA_7 RV02 TTACTGCTCGTTCTTCAGCACGTACGGTACCCGGTAACGTAGCG
for construction of explession plasmid











5'-AS ADg-Rluc_A311_ASR24 5'-AS ADg_RlucA311_ASR24_FW CTAAGATCTGAAGGTTCAGCAGCTCGAACCAAGGGGTGGAATAGTATAACAATATGC







for PCR and direct sequencing





















target RNA for 5'-AS flameworks








Table 3 Sequences of all RNAs 
 
AD-gRNA
name sequence (5'→3') length (nt)
3'-AS ADg-GFP_A200 49-ARR GGGUGGAAUAGUAUAACAAUAUGCUAAAUGUUGUUAUAGUAUCCCACCUGCGCAGGCGUGCAGUGCUUCUC 71
3'-AS ADg-GFP_A200 40-ARR GGGUGGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCACCUGCGCAGGCGUGCAGUGCUUCUC 62
3'-AS ADg-GFP_A200 34-ARR GGGUGGAAUAGUAUAUUCGUAUAGUAUCCCACCUGCGCAGGCGUGCAGUGCUUCUC 56
3'-AS ADg-GFP_A200 24-ARR GGGUGGAAUAUUCGUAUCCCACCUGCGCAGGCGUGCAGUGCUU 43
3'-AS ADg-GFP_A200 16-ARR GGGUGGUUCGCCACCUGCGCAGGCGUGCAGUGCUU 35
3'-AS ADg-GFP_A200 14-ARR GGGUGUUCGCACCUGCGCAGGCGUGCAGUGCUU 33
3'-AS ADg-GFP_A200 12-ARR GGGUUUCGACCUGCGCAGGCGUGCAGUGCUU 31
3'-AS ADg-GFP_A200 8-ARR GGGUUCGCUGCGCAGGCGUGCAGUGCUU 28
5'-AS ADg-GFP_A200 49-ARR GGGAAGCACUGCACGCCGCAGCGGGUGGAAUAGUAUAACAAUAUGCUAAAUGUUGUUAUAGUAUCCCACCU 71
5'-AS ADg-GFP_A200 40-ARR GGGAAGCACUGCACGCCGCAGCGGGUGGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCACCU 62
5'-AS ADg-GFP_A200 34-ARR GGGAAGCACUGCACGCCGCAGCGGGUGGAAUAGUAUAUUCGUAUAGUAUCCCACCU 56
5'-AS ADg-GFP_A200 24-ARR GGGAAGCACUGCACGCCGCAGCGGGUGGAAUAUUCGUAUCCCACCU 46
5'-AS ADg-GFP_A200 16-ARR GGGAAGCACUGCACGCCGCAGCGGGUGGUUCGCCACCU 38
5'-AS ADg-GFP_A200 14-ARR GGGAAGCACUGCACGCCGCAGCGGGUGUUCGCACCU 36
5'-AS ADg-GFP_A200 12-ARR GGGAAGCACUGCACGCCGCAGCGGGUUUCGACCU 34
5'-AS ADg-GFP_A200 8-ARR GGGAAGCACUGCACGCCGCAGCGGUUCGCU 30
3'-AS ADg HS=4 GGUGGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCACCGCCGCAGCUCAGGGUGGUC 57
3'-AS ADg HS=5 GUGGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCACCGCCGCAGCUCAGGGUGGU 55
3'-AS ADg HS=6 GGGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCCACGCCGCAGCUCAGGGUGG 53
3'-AS ADg HS=7 GGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCCACGCCGCAGCUCAGGGUG 51
3'-AS ADg HS=8 GAAUAGUAUACCAUUCGUGGUAUAGUAUCCGCACGCCGCAGCUCAGGGU 49
3'-AS ADg HS=9 GGUAGUAUACCAUUCGUGGUAUAGUACGUGCACGCCGCAGCUCAGGG 47
3'-AS ADg HS=10 GGAGUAUACCAUUCGUGGUAUAGUCCCUGCACGCCGCAGCUCAGG 45
3'-AS ADg HS=14 GGUACCAUUCGUGGUACCAGCACUGCACGCCGCAGCU 37
3'-AS ADg HS=15 GGACCAUUCGUGGUCCAAGCACUGCACGCCGCAGC 35
3'-AS ADg HS=16 GGCCAUUCGUGGCCGAAGCACUGCACGCCGCAG 33
3'-AS shADg HS=3 GGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCCCGCAGCUCAGGGUGGUCA 51
3'-AS shADg HS=6 GGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCACGCCGCAGCUCAGGGUGG 51
3'-AS shADg HS=8 GGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCGCACGCCGCAGCUCAGGGU 51
3'-AS shADg HS=11 GGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCACUGCACGCCGCAGCUCAG 51
5'-AS sADg_target 1 GGGAAGCACUGCACGAUACAUAGGGUGGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCACCU 62
5'-AS sADg_target 2 GGGAAGCACUGCACGCCUCUGCGGGUGGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCACCU 62
5'-AS sADg_target 3 GGGACGCCCGUACGGUAGCAACGGGUGGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCACCU 62
5'-AS sADg_target 4 GGGACGCCGUACGGUACGCAACGGGUGGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCACCU 62
5'-AS sADg_target 5 GGGACGCGUACGGUACCGCAACGGGUGGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCACCU 62
5'-AS sADg_target 6 GGGACGGUACGGUACCCGCAACGGGUGGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCACCU 62
5'-AS sADg_target 7 GGGACGUACGGUACCCGGCAACGGGUGGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCACCU 62
5'-AS shADg_target1 GGGAAGCACUGCACGAUACAUAGGGUGUUCGCACCU 36
5'-AS shADg_target2 GGGAAGCACUGCACGCCUCUGCGGGUGUUCGCACCU 36
5'-AS shADg_target3 GGGACGCCCGUACGGUAGCAACGGGUGUUCGCACCU 36
5'-AS shADg_target4 GGGACGCCGUACGGUACGCAACGGGUGUUCGCACCU 36
5'-AS shADg_target5 GGGACGCGUACGGUACCGCAACGGGUGUUCGCACCU 36
5'-AS shADg_target6 GGGACGGUACGGUACCCGCAACGGGUGUUCGCACCU 36
5'-AS shADg_target7 GGGACGUACGGUACCCGGCAACGGGUGUUCGCACCU 36
3'-AS sADg_target 1 GGGUGGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCACCUAUACAUAUCAGGGUGGUCA 59
3'-AS sADg_target 2 GGGUGGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCACCUCCUCUGCUCAGGGUGGUCA 59
3'-AS sADg_target 3 GGGUGGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCACCUCGGCAGUAACGUAGCGUAG 59
3'-AS sADg_target 4 GGGUGGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCACCUCGGCACGUAACGUAGCGUA 59
3'-AS sADg_target 5 GGGUGGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCACCUCGGCACCGUAACGUAGCGU 59
3'-AS sADg_target 6 GGGUGGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCACCUCGGCACCCGUAACGUAGCG 59
3'-AS sADg_target 7 GGGUGGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCACCUCGGCACCCGGUAACGUAGC 59
3'-AS shADg_target 1 GGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCGGUACGGCACCCGUAACGU 51
3'-AS shADg_target 2 GGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCCGUACGGCACCGUAACGUA 51
3'-AS shADg_target 3 GGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCCGUACGGCACGUAACGUAG 51
3'-AS shADg_target 4 GGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCCGUACGGCAGUAACGUAGC 51
3'-AS shADg_target 5 GGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCCGUACGGCACCCGGUAACG 51
3'-AS shADg_target 6 GGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCCACGAUACAUAUCAGGGUG 51
3'-AS shADg_target 7 GGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCCACGCCUCUGCUCAGGGUG 51
3'-AS shADg_target 8 GGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCACGGUAGCAACGUAGCGUA 51
3'-AS shADg_target 9 GGAAUAGUAUACCAUUCGUGGUAUAGUAUCCCCGGUACGCAACGUAGCGUA 51
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RNA transcribed from genomic DNA matures by undergoing various modifications. 
RNA editing is one such post-transcriptional modifications. Among them, A-to-I RNA 
editing is widely conserved in metazoans and is considered to be involved in the 
regulation of biological processes. However, the physiological significance of the A-to-I 
RNA editing mechanism, in which genetic information is converted at the RNA level, has 
not been elucidated. Therefore, we considered a strategy to induce A-to-I RNA editing at 
the target site. Induction of site-directed A-to-I RNA editing is equivalent to RNA-
targeted genetic modification technologies. Unlike DNA, which is permanent genetic 
information, RNA is a transient genetic information molecule. Therefore, RNA-targeted 
genetic modification technology is complementary to genome editing. RNA editing 
technology is expected to be useful in fields, including disease therapy and nucleic acid 
medicine, owing to its characteristic of transiently modifying genetic information. 
Furthermore, gRNAs that induce the editing activity of native hADARs do not require 
the expression of exogenous proteins, thereby reducing the risk of off-target editing. 
Therefore, establishing the design of gRNAs that induces the editing activity of native 
 
hADARs is important. Thus, this study aimed to construct a guide RNA that induces the 
editing activity of native hADARs in order to develop a basic method of site-directed 
RNA editing technology by using intracellular A-to-I RNA editing mechanism. 
In Chapter 2, we first constructed gRNAs that induce the editing activity of native 
hADAR2. In order to construct gRNAs, we focused on natural editing substrate RNAs. 
Two types of AD-gRNAs were constructed by the strategy that the complex of target RNA 
and gRNA reconstitutes the secondary structure of the substrate RNA. These AD-gRNAs 
induced highly efficient editing in vitro and in cultured cells in a target site-specific 
manner. Furthermore, the expression of the target protein was found to be regulated by 
site-directed RNA editing by using AD-gRNA. Hence, AD-gRNAs were found to be 
functional nucleic acids that specifically induce the editing activity of native ADAR2 at 
a target site. 
 In Chapter 3, we aimed to optimize the design of AD-gRNA in order to develop more 
versatile site-directed RNA editing. Therefore, we focused on the length of AD-gRNAs. 
Since ADAR binds to dsRNAs, AD-gRNAs need to be short stranded to reduce the 
binding of non-specific ADAR. In addition, short-length of functional RNA can be 
expected to develop as a nucleic acid medicine considering the synthesis of modified 
nucleic acids. Therefore, short-chain AD-gRNAs (shAD-gRNAs) with the region 
 
required for ADAR binding were constructed. Two types of shAD-gRNAs with similar 
or superior editing induction activity, depending on the target RNA sequence, were 
constructed. AD-gRNAs and shAD-gRNAs induced the editing activity of not only 
ADAR2 but also ADAR1 in cultured cells. Furthermore, these shAD-gRNAs were found 
to have lower off-target editing efficiency around the target site than the original AD-
gRNAs and could induce the editing activity of endogenous ADAR. 
This study demonstrated that the endogenous A-to-I RNA editing mechanism can be 
induced at the target site and the target gene can be regulated transiently. AD-gRNAs and 
shAD-gRNAs can be used to elucidate the physiological functions of inosine, such as the 
regulation of gene expression by the changes in the structure and sequence in the 5¢UTR 
and splicing regulation. Furthermore, 14 amino acid codons in principle can be converted 
by using A-to-I RNA editing. Conversion of amino acid codons by using AD-gRNAs 
allows for transient control of protein modifications, including protein phosphorylation. 
Comparison with genome editing might clarify the effect of transient modification of 
genetic information on the intracellular mechanism. Furthermore, shAD-gRNAs can be 
developed into nucleic acid medicines. Since shAD-gRNAs can induce the editing 
activity of endogenous ADARs, they have the potential to induce editing at the 
endogenous target site only by introducing gRNAs.   
 
Therefore, this study concludes that the basic methodology of site-directed A-to-I RNA 
editing utilizing the intracellular A-to-I RNA editing mechanism has been developed. 
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